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1 Introduction 
This thesis presents results from part of an ongoing project to investigate and improve the 
performance of air conditioning systems based on the transcritical carbon dioxide (R744) cycle. 
The grand scale of this project includes an investigation of R744 systems for use in both 
automotive (mobile) and residential applications. This paper will deal only with residential 
systems operating in air conditioning mode. Future work will cover the use of R 744 systems in 
heat pump mode. 
As a basis. for comparison, a R410A high efficiency split system was selected to serve as the 
baseline system. The components of the prototype R 7 44 system were designed to allow a strong 
comparison to the baseline system. The heat exchangers were constructed to match the geometry 
of those in the R410A system as closely as possible. Due to the high operating pressure (8-14 
MPa) in the R744 cycle, the heat exchangers are constructed of aluminum micro channel with 
specially designed high-pressure headers. While a hermetically sealed R744 compressor was not 
available for this first investigation, the next generation of R 7 44 air conditioning systems will 
use one. 
In addition to presenting performance results for the last few iterations of the R744 system, a 
discussion of issues related to the improvement of the R744 system are presented here. This 
includes dealing with water shedding problems, heat exchanger pressure drop and air flow rate, 
and the use of a new method to control flash gas bypass and feed the evaporator coil low quality 
carbon dioxide. 
While one goal of this project is to investigate methods to improve the performance of 
carbon dioxide based air conditioning systems, it is also our goal to present performance based 
data to the public forum. This will allow more knowledgeable decisions to be made on the future 
of next generation environmentally friendly refrigerants. 
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2 Overview of Facilities and Procedures 
2.1 Test Facilities 
The test facility consists of two insulated environmental chambers that can maintain 
outdoor and indoor temperature within ± 0.5°C and absolute humidity ±2%. A variable 
speed wind tunnel in each chamber simulates the range of operating conditions encountered in 
real applications. A schematic of the test facility is shown in Figure 2-1. Three independent 
methods for determining capacity are utilized in both the indoor and outdoor chambers: 
environmental chamber calorimeter balance, airs ide energy balance, and refrigerant side 
energy balance. Three independent methods are used instead of the two, as required by all 
applicable standards, in order to increase our ability to accurately determine system capacities. 
In some conditions, systems with constant area expansion devices had refrigerant liquid carry 
over at the evaporator exit. This makes the refrigerant side energy balance useless. Additionally, 
in some test runs, the temperature profile at the exit of the heat exchanger was non-uniform 
which made the air side energy balance difficult to calculate accurately. Having three methods 
to determine capacity ensured that even when one method could not be calculated accurately, we 
still had two to compare to each other. Three independent procedures also helped to improve 
our ability to troubleshoot early runs. 
Coriolis mass flow meters, together with immersion thermocouples upstream and 
downstream of every component allow for the calculation of the refrigerant side cooling 
capacity. Due to the accuracy with which the electric inputs to each chamber are measured as 
well as the ability to accurately measure transmission losses, we believe that chamber 
calorimetry is the most accurate method to determine capacity. The walls of each chamber are 
constructed of 30 cm thick polyurethane. Five thermocouples on both sides of each wall, 
floor, and ceiling of each environmental chamber provide temperature differences across the 
environmental chamber walls. The transmission losses are a function of that temperature 
difference and are both very small and accurately measured. All dry energy inputs (electric) 
are measured with watt transducers within ± 0.2 %. This testing apparatus was designed to 
meet or exceed ANSIIASHRAE 37-1988 and 116-1995 standards. 
2 
Hu 
3€) 
RH Indoor Chamber Indoor Chamber H 
, 
TG: TG: 
, RH ' 
B - Blower, C - Compressor, CC - Cooling Coil, CH - Glycol Chiller, Dp - Differential Pressure Transducer, F 
- Fan, H - Heater, Hu - Humidifier, IC - Residential Indoor Coil, mg - Glycol Mass Flow Meter, mr - Refrigerant 
Mass Flow Meter, Mtr - Motor, N - Nozzle, OC - Residential Outdoor Coil, P - Pressure Transducer, RH-
Relative Humidity Probe, S - Separator, SA - Suction Accumulator, Sc - Condensate Scale, SLHX - Suction Line 
Heat Exchanger, Sp - Speed Controller and Tachometer, T - Thermocouple, TC - Temperature Controller, TG-
Thermocouple Grid, W - Watt Transducer, XV - Metering Expansion Valve 
Indices: a - air, c - condenser, cp - compressor, e - evaporator, g - glycol, i-inlet, n - nozzJ.e, 0 - outlet, r -
refrigerant, sh - suction line heat exchanger 
Figure 2-1 Schematic of the experimental test facility. for the R410A AlC system (left side) 
and the R744 AlC system (right side). 
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2.2 System Description 
The first baseline AlC system that was tested for this project is an off the shelfR410A split 
system with a nominal capacity of 10.5 kW. It uses a scroll compressor and an orifice type 
expansion valve. The R 744 system is a prototype with a reciprocating open compressor and a 
manual expansion valve. The R744 heat exchangers were designed to mimic the core volume 
and airside pressure drop of the corresponding R410A heat exchangers. Table 2-1 gives a 
summary of the system characteristics for both the R410A and the R744 systems. Photographs 
of both the outdoor heat exchangers and the indoor heat exchangers can be seen in Figures 2-2 
and 2-3 respectively. The second baseline system for heat pump operation will be described in 
AppendixA. 
Refrigerant R410A R744 
Type Commercial Prototype 
System Nominal capacity 10.5 kW 10.5kW 
at 27/35,50% 
Compressor: Hermetic, scroll Open, reciQrocating 
Expansion device Orifice tube: i.d. = 1.78 Manual valve 
mm 
One row, two circuits, Three 6 pass slabs with 80 tubes, connected in 
Description fin pitch 1 mm (24 fpi), parallel for R744. Brazed 11 port 
louvered wavy fins microchannel tube. (see fig.2) 
Face area 1.42 ml 3*0.53 = 1.59 m2 
Outdoor Core depth 0.0185 m 0.0165 m 
coil Core volume 0.026mj 3* 0.0088 = 0.026 m3 
Airside area 54.1 m'" 3* 16.8 = 50.4 m2 
Ref. side area 1.5 m'" 3*1.37=4.1 m2 
Material Aluminum plate fins Aluminum tube, folded louvered fins Cu tubes, od = 9.5 mm 
Plate fins, three rows, Three single pass slabs with 21 tubes each, 
Description six circuits, fin pitch connected in parallel for R144 and in series for air flow. Brazed 11 port microchannel 1.7 mm (14 fpi) 
tube.lsee fig. 3) 
Face area 0.32m'" 0.36 m'" 
Indoor coil Core depth .056m 3*0.0165 = .050 m2 
Core volume 0.018m3 3*0.006 = 0.018 m3 
Air side area 18.6 m2 3*7.50 = 22.5 m2 
Ref. side area 1.0m2 3 * 0.91 = 2.73 m2 
Material Al. wavy plate fins, Aluminum tube, folded louvered fins Cu tubes, od = 9.5 mm 
Table 2-1 Summary comparison ofR410A AlC and R744 system components. 
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a) b) 
Figure 2-2 Photograph of the outdoor heat exchangers for a) the R744 system and b) the 
baseline R410A system. Note that the gas cooler in a) is actually comprised of 3 flat 
microchannel slabs connected in parallel. 
Figure Photograph of the indoor heat exchangers for system (left side) and 
the R410A system (right side). Again note that the R744 heat exchanger is comprised of 
three individual microchannel slabs connected in parallel. 
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2.3 Data Collection and Energy Balance Agreement 
The data reduction and calculation procedures for these experiments were for the most part 
set up to run without human intervention. During the test run, the most important parameters 
were monitored in real time graphically and numerically. This allowed the operator to monitor 
the system's approach to steady state operation. Once this was achieved, data recording was 
started and the raw data was transferred from the data acquisition program to an Excel file, 
which then produced a set of averaged data points over approximately a ten-minute test interval. 
This set of averaged data was then read into an EES program, which proceeded to calculate all 
important parameters for the cycle calling upon its own internal thermodynamic equations for 
R410A properties. 
The cooling capacity of the system was calculated using three independent methods. The 
equations used for these calculations are discussed in detail in Appendix H. In addition, sample 
EES programs that are used for data reduction of both the R410A and the R744 systems are 
located in Appendix H. Tabular data for all test results is presented in Appendix G for R410A 
test runs as well as R744 tests. Good agreement was seen between all three of the independent 
methods for calculating cooling capacity. This can be seen in Figures 2-4 and 2-5 for the R410A 
system and Figure 2-6 for the R744 system. 
2.4 Test Matrix 
The main rating points for these tests are prescribed by ASHRAE Standard 116/1995. A 
description of these points is given in Table 2-2. All tests were run with the outdoor airflow rate 
equal to 2800 scfin (1.32 m3/s) which is the rated output of the baseline R410A outdoor unit. 
The indoor airflow rate for R410A testing was set to the rated value of 1200 scfm (0.57 m3/s). 
The R 744 system was tested at this airflow rate in addition to several others in order to 
investigate its influence on system performance. A detailed discussion of these airflow rates and 
their effect is made·insection 4. For-R744 tests run with indoor air flow set such that the face 
velocity is equal to the baseline system the point designation will be followed by a capital letter 
V, e.g. 5SV. For R744 tests run at equal blower power, a P will follow the point designation. 
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Rating Point ASHRAE Standard Outdoor Indoor Indoor Relative 
116/1995 Designation Temperature eC) Temperature (OC) Humidity (%) 
5S A 35.0 26.7 50 
3S B 27.8 26.7 50 
3D C 27.8 26.7 Dry Coil 
Table 2-2 Standard test pomts for both baselme R410A and R744 testmg. 
For the R410A system, other test points were included to provide additional data for 
system modeling and system verification. A description of these test points is provided in Table 
2-3. A second R410A system was installed and tested after the R744 testing was completed. In 
addition to the standard rating points, tests 1 and 2 were performed and are reported in Appendix 
G.2. 
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Point Outdoor Temperature Indoor Temperature Indoor Relative Humidity 
Designation 
eC) eC) (%) 
1 38.9 32.2 50 
2 43.3 32.2 50 
6 38.9 26.7 50 
7S 46.1 26.7 50 
8 30.6 24.4 50 
9 35.0 24.4 50 
10 22.2 22.2 50 
11 25.0 22.2 50 
12 27.8 22.2 50 
13 30.6 22.2 50 
14a 35.0 26.7 68 
15a 30.6 22.2 72 
16a 35.0 26.7 60 
18a 35.0 26.7 55 
Table 2-3 Additional test points for the R41 OA system. 
9 
3 R410A Air Conditioning System 
In order to provide a stable method of comparison for the R744 AlC system, a baseline 
R410A AlC system was run in the same test facility as the R744 system. Once the baseline 
testing was done, the R744 system was installed and examined. After this was completed a new 
R410A system was installed and tested on a more limited basis. This new R410A system is 
actually designed to run in both air conditioning and heat pump mode. The first R41 OA system 
was AlC only. As the primary basis for comparison is the first AlC system, this chapter will 
focus on that system. Some data comparing the performance between the first and second 
R410A system will be presented at the end of this chapter. A detailed description of both R410A 
systems can be found in Appendix A. 
3.1 Test Results for the Ale Only System 
Figure 3-1 shows the measured cooling capacity and the COP as a function of the outdoor 
ambient temperature. We see an almost linear trend with both capacity and COP. Both capacity 
and COP decrease with increasing ambient temperature for a given indoor temperature. We also 
see that increasing the indoor temperature shifts this linear line higher for both capacity and 
COP. 
Additional tests were performed to examine the relationship between the indoor relative 
humidity and capacity and COP. The results of these tests can be seen in Figure 3-2. Increasing 
the indoor relative humidity led to an increase in both capacity and COP. 
The effect of the refrigerant charge on system performance was also investigated. Figure 
3-3 shows the results of those tests. It should be noted that all other tests for this system were 
run at the charge level indicated by the arrow. 
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3.2 System Description of the R410A Ale and HIP System 
After the completion of R744 testing, a new R410A system was installed in the test 
facilities. This newly developed system was designed to run in both air conditioning as well as 
heat pump mode. Utilizing the same compressor as the original R410A system this new system 
uses a TXV expansion valve as well as redesigned heat exchangers. A detailed description of 
this system can be found in Appendix A. Table 3-1 summarizes the changes in heat exchanger 
design. Air conditioning mode tests were performed on the new R410A AlC & HIP system for 
test points 1, 2, 3S, 3D, and 5S. Figure 3-4 shows the influence of outdoor ambient temperature 
on both cooling capacity and system COP. 
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Component R410A AlC only R410A AlC & HIP Percent Change 
Description 1 slab on 30° incline 2 slab "A" Frame -
Face area 0.32 m2 0.42 m2 31 % 
Indoor coil Core volume 0.018 m
3 0.024 m3 33% 
Air side area 18.6 m:l 27.5 m:l 48% 
Ref. side area 1.0 m:l 1.3 m:l 30% 
Fin density 14.5 fpi 15.2 fpi -
Description Single Row Dual Row -
Face area 1.43 m:l 1.16 m:l -19% 
Outdoor coil Core volume 
0.026mj 0.043m~ 65% 
Air side area 54.1 m2 66.9 m7 24% 
Ref. side area 1.5 m2 3.4m2 127% 
Fin density 24 fpi 20 fpi -17 % 
st Table 3-1 Companson of heat exchanger specrficatIons between the 1 R410A AlC only 
system and the newly designed R41 OA AlC & HIP system. 
3.3 Comparison of R410A AlC Only and R410A AlC & HIP System 
Performance 
Due to the larger heat exchangers found on both the indoor and outdoor heat exchangers, 
the new R410A AlC & HIP system was expected to outperform the original AlC only system. 
This expectation was realized and a comparison of system performance between the two R410A 
systems is given in Figure 3-5. The top graph shows the cooling capacity as a function of 
ambient temperature. The new R410A system showed higher capacities at all conditions except 
for the dry coil test point, 3D, where the system capacity was about 2% lower for the new 
system. For all other test points, the new R410A system had a cooling capacity that was 1 to 4 % 
higher than the original system. The bottom graph shows the system COP of both systems as a 
function of the outdoor temperature. The measured COP was between 5 and 11 % higher for the 
new R41 OA system for all test runs. 
While the improvements in system performance between the old R410A system and the 
new one are significant, the new R410A system does not represent a good basis for comparison 
to the existing R744 system. The current R744 system was designed to closely match the heat 
exchanger characteristics of the original R410A system. 
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4 R744 Air Conditioning System Results and Analysis 
4.1 Introduction 
In this chapter, the results of several iterations of R744 system performance will be 
presented along with a discussion of some issues that will likely play a role in the design of 
future R744 system components. The first section will discuss observed water retention in the 
evaporator coil. Section 4.3 discusses the role of compressor speed and high-side pressure and 
the process o~ their optimization to achieve maximum system performance. Section 4.4 and 4.5 
deal with the selection of the most appropriate airflow rate to make a fair comparison to the 
baseline system and the effect that this decision has on system performance. The last sections of 
this chapter present system performance of the last iteration of the R744 system which included 
an accumulator chamber located upstream of the evaporator combined with a controlled flash gas 
bypass line. Tabular results for many test and operating parameters are presented in Appendix 
G. 
4.2 Horizontal Tubes and Water Retention 
One configuration of the evaporator heat exchangers had them placed within the ductwork 
with the refrigerant tubes horizontal and running across the width of the duct. However, 
unsteady water removal behavior was observed during testing of this configuration. This 
phenomenon was observed and compared at two different airflow rates. 
Figure 4-1 shows a graph of the weight of the condensate water as it is removed over time. 
This graph shows relatively steady periods of condensate removal followed by a steep increase in 
the rate of water removal over a short period of time. This process then continued to repeat itself 
over time. This unsteady water removal behavior suggests that condensate is building up on the 
evaporator coil. As the amount of water stored in the heat exchanger rises, so does the pressure 
drop across the coil. This is reflected in the airflow rate supplied by the constant speed blowers 
used to pull the air over the evaporator coil. During the periods of slow and steady condensate 
removal, we see a steady decrease in the air flow rate that is indicative of increasing heat 
exchanger pressure drop. This period of increasing pressure drop is then followed by an almost 
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instantaneous jump in water removal. In the fIrst water shedding, 0.77 kg of water was removed 
over a very short period of time. In our experimental setup, we are not available to separate the 
amount of time required for this shedding process from the amount of time it takes the water to 
drain from the bottom of the duct and into the bucket where it is measured. There is certainly 
some delay due to the large amount of water removed at one time, and it is likely that the slope 
of the water removal would be even steeper during the shedding process than what is reflected by 
the graph. Over the same time period of the water shedding, we see a steep jump in the airflow 
rate, which indicates a reduction of the pressure drop over the heat exchanger. 
This cycle of slow and steady water removal followed by a sudden outpouring of water 
then repeated itself several times with a single cycle lasting 20 to 30 minutes. An additional test 
was performed with an increased air flow rate over the evaporator coil. The test results for this 
case can also be seen in fIgure 4-1. Here the weight of the condensate removed looks to have a 
constant slope over a relatively long period of time. However, looking at the steadily decreasing 
airflow rate in this region, we see that this is still unsteady and the amount of water retained in 
the heat exchanger is increasing. After approximately 110 minutes, a massive shedding is 
observed along with the corresponding jump in airflow rate. It is likely that the increased airflow 
rate for this test slowed down the rate of water accumulation on the evaporator coil and 
lengthened the cycle time for the shedding process. 
Further testing with the evaporator coil rotated 90 degrees did not show any problems with 
cyclic condensate accumulation. It is believed that the refrigerant tubes themselves promote 
water drainage and that by positioning them in the vertical direction, they are better able to 
promote uniform drainage with less retained condensate. 
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Figure 4-1 Demonstration of the effect of water retention and 
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function of time. The airflow rate was higher for the test shown in the 
bottom graph and contributed to the longer time associated with a cycle 
of retention and shedding 
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4.3 Optimizing High-Side Pressure and Compressor Speed 
The prototype R744 compressor used in this experiment has a fixed displacement, but is 
powered by a motor connected to a frequency drive, such that the rotational speed of the 
compressor can be controlled. The addition of compressor speed as a variable adds an extra 
degree of freedom to the search for optimal operating conditions. The objective of this search is 
to find the maximum system COP for an air conditioning system operating at the same cooling 
capacity as the baseline R410A system. During testing of the R744 system, this baseline 
capacity had been predetermined for each set of indoor and outdoor air conditions. 
In this search for the optimal operating condition, the heat transfer area of both the 
evaporator and gas cooler are kept constant. However, the use of a manual expansion valve 
allows the high-side pressure to be varied independently of the compressor speed. This means 
that the search for the optimal operating parameters will have two degrees of freedom, 
compressor speed and high-side pressure. 
The thermodynamic cycle efficiency of the R744 system is a strong function of the high-
side pressure. Large gains in thermodynamic cycle efficiency can be made with small increases 
in high-side pressure in the regions close to the critical point where the isotherms follow the 
isobars. However, as the gas cooler outlet pressure rises, the isotherms steepen and the increase 
in system capacity is outweighed by the increase in required compressor power. The relationship 
between thermodynamic cycle efficiency ofR744 and the high-side pressure for mobile systems 
are investigated much further in McEnaney (1999). 
Independent of the thermodynamic cycle efficiency, but also important to the overall 
system COP is the isentropic efficiency of the compressor. In residential applications, the use of 
an open compressor is non-standard. However, a hermetically sealed compressor for use in a 
transcritical carbon dioxide cycle was not available at the time of the investigation. The 
isentropic efficiency of this compressor is a function of the pressure ratio between the high-side 
and low-side pressures as well as the compressor speed itself. The effect of these variables on 
compressor efficiency in the R744 compressors used in this project is described in Boewe 
(1999). 
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In order to investigate. the maximum potential of a R 744 air conditioning system, both 
compressor speed and high side pressure were varied in combinations designed to elicit the same 
cooling capacity as the baseline system. This was accomplished by first selecting a compressor 
speed. The high side pressure was then varied to achieve equal capacity. Once this was done, a 
new compressor speed was used and the process of varying high-side pressure was repeated. By 
calculating system COP and capacity values after each test run, the discharge pressure and 
compressor speed could be changed in a manner consistent to increase COP at the required 
capacity. This eliminated the need to perform an exhaustive 2-D search for the optimum 
configuration. This process was then repeated for each test point. Figure 4-2 shows the variation 
of system capacity and COP versus high-side pressure for various compressor speeds. This 
graph is for test conditions with an outdoor temperature of 27°C and indoor temperature of 26°C 
and dry coil. 
Using this figure we can determine the maximum COP of this R744 system by rmding the 
point for each compressor speed where the capacity of the R744 system is within 2% of the 
capacity of the baseline R410A system which is shown as a horizontal bar. In this example, 
there are two compressor speeds, which gave the appropriate capacity. For the compressor 
speeds of 1140 rpm and 1060 rpm the COP of each was 4.1 and 4.3 respectively. As we can see, 
the optimal performance was obtained at a compressor speed of 1060 rpm and a high-side 
pressure of approximately 8500 kPa. 
The R744 system uses an open compressor while the R410A system uses a hermetically 
sealed compressor. The power for the hermetic compressor is measured at the inlet to the motor 
by a watt transducer. This measurement includes the effect of the inefficiency of the motor 
while the measurement for the open compressor does not. In addition, some portion of the motor 
losses provides an additional heat load at the suction of the compressor. 
To account for these differences, an additional dashed line has been added in Figure 4-2. It 
represents an approximation of the expected COP if the baseline R410A system were run with an 
open compressor. It is based on a 90% efficient compressor motor and the assumption that 30% 
of the motor losses are added to the refrigerant inlet as an additional load. The remaining portion 
is given off to the environment. For all of our test runs, the system COP of the R410A system 
increased by approximately 12% with this assumption. 
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Figure 4-2 The effect of both compressor speed and high-side 
pressure on cooling capacity (top) and system COP (bottom). 
4.4 Effects of Evaporator Air Flow Rate 
Due to the unavailability of cost data for the prototype R744 heat exchangers, the initial 
comparison methodology was to be equal core volume of the R744 heat exchangers as well as 
equal airs ide pressure drop over the heat exchanger at the same mass flow rate of air. However, 
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it is difficult to predict prototype performance, and it was seen that the pressure drop was smaller 
for the R744 heat exchanger for a given mass flow rate of air. As the air side heat transfer 
coefficient is usually directly related to the pressure drop for a heat exchanger, it becomes a 
challenge to find a fair method to compare system performance between the prototype R 7 44 
system and the baseline system. The following methods of controlling evaporator airflow rate 
were discussed: equal mass flow rate, equal face velocity, equal fan power, and constant pressure 
drop. 
The main advantage to a comparison with equal mass flow rate is that the air temperature 
profile through the depth of the heat exchanger will be most similar for a test at constant 
ev~porator capacity. As the mass flow rate of air is increased beyond this, the average air 
temperature will increase along with the average temperature difference between the air stream 
and the heat exchanger surface. However at this airflow rate, both the face velocity and the 
pressure drop are significantly less for the R744 system than the baseline R410A system. This 
will lead to smaller air side heat transfer coefficients. 
The next higher airflow rate that was examined was a comparison based on equal face 
velocity. Due to the slightly larger face area of the R744 heat exchanger, the mass flow rate of 
air was increased by 13% to achieve the same face velocity. The local heat transfer coefficients 
for this comparison will be much closer to one another for this test. 
The third method of comparison is based on using a constant fan power. The fan power 
for both systems was determined by multiplying the volumetric airflow rate times the coil 
pressure drop on the air side. The rationale of this comparison is that this is actually what is paid 
for while running the system. By paid for, I mean that a constant fan power will correspond to 
equal first costs in purchasing air blowers for the indoor unit as well as equal running costs. This 
-
is even more important for our system comparison, as the power required by the blower on the 
indoor side is not included in the calculation for system COP, but instead assumes them to be 
equal. For the R744 evaporator, the comparison of equal fan power required a mass flow rate 
that was 30% higher than for the R41 OA system. 
The last method that was discussed but not explored to a great extent was that of constant 
air-side pressure drop. To achieve this, the mass flow rate of air would be approximately 40% 
higher for the R744 system than the R410A system. While this was the initial suggestion as the 
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basis for comparison, it was not used because the effect of the much higher air flow rate on 
performance could not be justified 
4.4.1 Pressure Drop Measurements 
Air-side pressure drop measurements were taken on both the indoor and outdoor coils for 
the R744 and the baseline R410A systems. The results for the evaporator coil as a function of 
airflow rate and face velocity can be seen for dry conditions as well as test condition at 50% 
relative humidity in Figure 4-3. There are four vertical bars shown in each graph in this figure. 
These bars represent the mass flow rate or face velocity that is used for each method of 
comparison to the R410A system. The bar labeled with a M represents equal mass flow rate, V 
is equal face velocity, P is equal fan power, and D represents the airflow rate for equal pressure 
drop. 
Heat exchanger pressure drop measurements versus airflow rate and face velocity for the 
outdoor coil can be seen in Figure 4-4. The three lines on each figure for the R744 pressure drop 
represent three different vertical locations at which the pressure drop was measured. The 
pressure drop was seen to be consistently higher near the top of the heat exchanger and closer to 
the axial fan. While this was not tested for in the R410A coil, it is suspected that a similar trend 
would have been seen. Overall, it was seen that the pressure drop across the R 744 coil was about 
half that as the baseline system at the same mass flow rate. This suggests that better performance 
of the heat exchanger could have been achieved by increasing either the fin density or the fin 
louver angle. This would have increased the pressure drop across the heat exchanger as well as 
improved the overall heat transfer coefficient of the heat exchanger. Alternately, the test runs 
could have been run at higher airflow rates to simulate the higher heat transfer coefficients in a 
manner similar to that, which was done for the indoor coil. Ultimately this is an area of serious 
potential for increased performance of the R744 system and will be left for future investigation. 
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mass flow rate, V-equal face velocity, P-equal blower power, and D-equal 
pressure drop. 
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Figure 4-4 Measured air-side pressure drop over the outdoor coils for both the 
R410A system and the R744 system. Pressure drop is shown as a function of mass 
flow rate (top) and face velocity (bottom). The three lines for the R744 system 
represent three vertical locations where the pressure drop was measured. The 
pressure drop is highest at the top of the heat exchanger closest to the axial fan. 
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4.5 Optimization of Compressor Speed and High-side Pressure for Test Runs 
with Increased Evaporator Air Flow Rate 
As the process of determining the best operating parameters must be performed for each 
set of air conditions, this was also necessary for each different evaporator air flow rate. Due to 
the large number of test runs that must be performed at each condition, the majority of tests were 
run at the equal face velocity condition in addition to the equal mass flow rate condition. Tests 
at equal fan power were performed on a limited basis. 
As expected, increasing the evaporator airflow rate contributed to an increase in both 
cooling capacity and system COP. Some results for tests performed with outdoor temperature 
equal to 35°C and indoor temperature and humidity ratio equal to 26°C and 50% respectively can 
be seen in Figure 4-5. This figure shows tests performed at several airflow rates as well as at 
several compressor speeds while varying high-side pressure. 
4.6 Controlled Flash Gas Bypass 
Over the course of testing, several modifications to the system design and configuration 
were made in an effort to improve the system performance. The final configuration, which 
produced the best results, will be discussed here. This configuration utilized a three-slab 
evaporator with a controlled flash gas bypass located just upstream of the evaporator entrance. 
The role and effect of the controlled flash gas bypass are examined in more detail in the 
following chapter for the case of single slab evaporators. The best results were obtained with a 
bypass line installed around the oil separator. It was determined that any benefit provided by the 
oil separator was outweighed by the performance degradation due to the high pressure drop in 
the separator. This is not to say that future R744 systems should not have an oil separator, but 
only that the oil separator presently available did not improve performance. The results for the 
test points 3DV and 3SV can be seen in Figures 4-6 and 4-7 respectively. Tabular data for all of 
the test runs using controlled flash gas bypass can be found in Appendix G. 
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Figure 4-5 The effect of compressor speed and high-side pressure on cooling 
capacity (top) and system COP (bottom) for several evaporator air flow rates at test 
condition 5S. 
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Figure 4-6 The effect of compressor speed and high-side pressure on cooling capacity (top) 
and system COP (bottom) for the R744 system with controlled flash gas bypass at test 
condition 3DV. 
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condition 3SV. 
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4.7 Summary of the Influence of Evaporator Air Flow Rate and Controlled 
Flash Gas Bypass on System Performance 
As mentioned previously, the final system with the controlled flash gas bypass was a result 
of several system iterations. A summary of the progress in the final phase of this investigation 
can be seen in Figure 4-8. All test points in this figure are at equal face velocity conditions. The 
first bar represents system 1, which did not have a flash gas bypass. A schematic of this system 
can be seen in Figure A-I. The second bar represents system 3, which was the first system TO 
use controlled flash gas bypass. The third bar represents system 4 that was the final system 
tested. The fourth and fifth bars represent the baseline R410A results. The latter of the two is 
the approximation for the COP of the baseline system ifit were using an open compressor. 
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Q) 
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1 
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[]system1l 
I!ilISystem3 ' 
I!ilISystem4 
I!ilIR410A 
[] R410A_open 
~-----~ 
Figure 4-8 Comparison ofR744 and R410A system COPs for three R744 system 
configurations at test conditions A, B, and C. The far right bar in each group represents an 
approximation of the R41 OA system COP if an open compressor would have been used. 
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As expected, increasing the airflow rate over the evaporator led to improved COP values. 
A summary of these results can be seen in figure 4-9 for standard test conditions A, B, and C. In 
each test group, the first bar represents COP for equal airflow rate, the second is equal face 
velocity, and the third is equal fan power. The last two bars in each group represent the COP of 
the baseline R410A system and the open compressor approximation. For test conditions Band 
C, the COP of the baseline system was either equaled or slightly exceeded by the R744 system at 
equal face velocity conditions. At condition A, with a higher ambient temperature, the COP of 
the R744 system was 15% lower than the baseline system at equal face velocity conditions and 
10% lower under equal fan power conditions. 
[] Equal Air Flow 
~ Equal Face Velocity 
6 [] Equal Blower Power 
III R410A 5.48 5.33 
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Figure 4-9 Comparison ofR744 and R410A system COPs for various airflow rates at 
test conditions A, B, and C. The far right bar in each group represents an approximation 
of the R410A system COP if an open compressor would have been used. 
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5 Header Distribution Issues in Microchannel Evaporators 
5.1 Description of Distribution Problems 
Distribution problems in feeding microchannel evaporators stem from the non-
homogeneity of the entering two-phase refrigerant. This can lead to a situation where even 
though the combined refrigerant outlet condition is in the two-phase region, some ports may 
have contained superheated refrigerant over a significant length. Superheated refrigerant is a 
less effective medium both because of the reduced coefficient of heat transfer as well as the 
reduced temperature gradient between the refrigerant and air stream. Generally these problems 
can be broken down into two categories that do not necessarily show up independently. 
The first type is mal-distribution across the front length of the header or among the 
microchannel tubes (see Figure 5-2). Due to inertial forces, the fast moving refrigerant carries 
more liquid to the side of the header opposite to the inlet. Maldistribution problems across the 
length of the header can be measured by looking at either the air temperature distribution at the 
outlet of the evaporator or the surface temperatures of the evaporator. 
Another distribution problem occurs among the different ports within a single 
microchannel tube. This problem arises when the inlet distribution header is only partially full of 
liquid refrigerant and only becomes a problem when the flow is stratified. The more dense liquid 
concentrates at the bottom of the header, and due to the angle of inclination of the evaporator in 
some designs, the back ports on a micro channel tube tend to receive more liquid refrigerant. A 
diagram showing this phenomena can be seen in Figure 5-3. The problem will not be as cut and 
dry as the diagram shows, but it is still easy to see that the rear ports are more likely to receive 
more liquid refrigerant than the front ports. This distribution problem is more difficult to 
characterize as the air side temperature distribution can remain constant while this problem is 
present. Additionally the effects of these distribution problems will be reduced due to the high 
thermal conductivity of the aluminum heat exchanger. 
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High Pressure 
Header 41 tubes with 11 
in each 
Figure 5-1 Photograph of a R744 indoor evaporator slab. 
Tubes 
Inlet 
Header 
Figure 5-2 Maldistributed liquid across length ofR744 
evaporator inlet header. 
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One tube with 11 ports 
____ ------A ...... --____ ( '\ A-A 
Figure 5-3 Possible cause of liquid maldistribution among ports in a single tube of 
inclined evaporator due to stratified flow in a) high pressure header design and b) low 
pressure header design. 
5.2 Methods of Evaporator Exit Air Temperature Measurement 
Several methods to characterize refrigerant distributions in parallel flow evaporators were 
examined at the ACRC: thermocouples attached to the tubes, immersion thermocouples inside 
the tubes, infrared thermometry, phase doppler particle analysis, exit air temperature distribution, 
etc. We will show results based on the last method, which was used in this project. 
In order to measure the temperature profile of the air as it exits the evaporator coil, a 
special thermocoupleprobe·wascreated. This probe had fourteen type T welded thermocouples 
evenly spaced every 3 cm, and was inserted behind the evaporator coil to measure the exit air 
temperature across the width of the evaporator. Figure 5-4 shows the location of the single slab 
evaporator in the duct. The inlet air temperature, Teai, was measured with a grid of 55 welded 
thermocouples. The exit air was measured with the thermocouple probe at the locations shown 
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by an X in Figure 5-4 as well as by two thermocouples located in the throat of each nozzle just 
downstream of the evaporator. 
Figure 5-5 shows a representative outlet aIr distribution for a single evaporator 
configuration. In this graphical representation, temperature is shown in the vertical direction and 
location is shown on the horizontal plane. The axis labeled L. shows the distance along the heat 
exchanger parallel to the refrigerant flow direction starting at the inlet header. The axis labeled 
w represents the width of the heat exchanger into the duct, which is also the length of the header. 
For clarity, the side of the heat exchanger closest to the reader in Figure 5-4 will be referred to as 
the right side. In the temperature profile graph, there are two other temperature planes shown. 
The lowest plane is the evaporation temperature of the refrigerant and the highest plane is the 
temperature of the entering air stream. The vertical distance between these two planes is the 
maximum possible temperature gradient for the heat exchanger. 
Figure 5-4 Air temperature measurement points. 
Ten1, Ten2 
,I 
X 
Two nozzles: 
one behind 
the other 
For the example air distribution shown, we see a constant air outlet temperature close to 
the refrigerant inlet. However, as the refrigerant location moves farther along the heat 
exchanger, we see that that the air exit temperature rises faster on the left side than on the right 
side. This suggest a lower overall heat flux on the left side of the heat exchanger as compared to 
the right side at locations farther along the heat exchanger length parallel to the air stream. If we 
saw discrepancies between the left and right side close to the inlet, we might suspect that 
inequalities in refrigerant mass flow rate led to variability in the refrigerant side heat transfer 
coefficients in different tubes. However, this is not the case and instead we suspect that there are 
differences in the quality of the entering refrigerant on the left and right side. Tubes with either a 
higher entering quality or a lower mass flow rate may contain refrigerant that enters the 
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superheat region earlier. The rapid rise in refrigerant temperature would then lead to a decrease 
in overall heat flux on that side of the heat exchanger as the temperature gradient decreases. 
This type of refrigerant maldistribution detection is indirect, as it is based on changes in 
refrigerant side heat transfer. The real magnitude of the refrigerant maldistribution is masked by 
the high conduction coefficient of the aluminum heat exchanger as well as the dominance of the 
air side heat transfer resistance. 
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5.3 Single Slab Evaporator Feeding Configurations 
In order to explore the adverse effects of evaporator mal-distribution, we have performed a 
number of tests using only a single evaporator slab. While this configuration does not meet the 
core volume or capacity requirements of the normal operating system, it was selected because it 
provides a clearer view of the adverse effects of distribution problems. 
5.3.1 Single Inlet Direct Expansion 
The first single slab system that was tested consisted of a microchannel heat exchanger 
that was fed by a single inlet at the bottom left side of the evaporator (see Figure 5-6). A single 
outlet was located at the top right side of the evaporator. A suction accUmulator is located after 
the exit of the evaporator, and is necessary to control refrigerant conditions to the compressor 
inlet. The manual expansion valve was used both as an expansion device as well as a regulator 
for the high side pressure of the transcritical R 744 system. 
EV 
Figure 5-6 
Suction 
Accumulator 
Single slab direct expansion evaporator with 1 inlet and 1 outlet. 
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5.3.2 Dual inlet direct expansion configuration 
In this configuration, after exiting a manual expansion valve, the refrigerant flow is 
separted into two streams and fed into the inlet header from both the left and right side (see 
Figure 5-7). In addition, the refrigerant exits the evaporator from both the left and right side. An 
identical suction line accumulator is used after the evapoartor exit and the expansion valve is 
controlled in manner identical to the single inlet configuration. 
Suction 
Accumulator 
Outlet 
Figure 5-7 Single slab direct expansion evaporator with 2 inlets and 2 outlets. 
5.3.3 Novel Configuration with Controlled Flash Gas Bypass 
The following new approach towards improving evaporator distribution is based upon a 
method to feed the inlet header with liquid refrigerant (quality equal to zero). This approach is 
based upon the assumption that the inlet refrigerant distribution will be improved for a single 
phase refrigerant. 
The accumulator has been moved upstream of the evaporator inlet. After the manual 
expansion valve, the refrigerant enters the accumulator where the liquid settles to the bottom due 
to its higher density. The evaporator is fed from the bottom of the accumulator. An additional 
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exit from the top of the accumulator allows the flash gas to bypass the evaporator altogether. A 
schematic of this configuration can be seen in Figure 5-8. 
The valve on the flash gas bypass line is extremely important in that it allows for the 
control of the evaporator outlet conditions. Closing the valve increases the pressure drop across 
the flash gas bypass line, which forces more refrigerant through the evaporator. This can be used 
to reduce any superheat at the evaporator exit. 
Flash Gas 
EV 
Figure 5-8 Single slab evaporator with a controlled flash gas bypass valve and 2 
inlets and 2 outlets. 
5.4 Results and Analysis 
The resulting outlet air stream temperature distributions can be seen in Figures 5-9, 5-10, 
and 5-11. The temperature profile for the single inlet direct expansion configuration shows a 
higher outlet air temperature on the left side of the evaporator as compared to the right side. This 
phenomenon is most prominent closer to the refrigerant outlet header. This type of profile 
suggests that the refrigerant in the tubes on the left side may be in the superheated region, and is 
likely due to a higher entering refrigerant quality on the left side as well as a slightly lower mass 
flow rate. As the refrigerant enters the header from the left side, we suspect that the greater 
inertia of the liquid refrigerant is causing a liquid maldistribution similar to that in Figure 5-2. In 
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this scenario, the liquid is "piling up" on the far side of the inlet header and feeding those tubes 
with lower quality refrigerant. Even though the exit condition of the combined refrigerant outlet 
is controlled to have I-3°C of superheat, the refrigerant in the tubes on the left side may have a 
considerably higher amount of superheat while the refrigerant on the right side will have a 
quality less than one. Generally speaking, the more refrigerant side area that is in the superheat 
region, the less effective the heat exchanger will be. 
It was initially suspected that by adding an additional inlet and exit to the respective 
headers, the distribution of liquid refrigerant would be improved. There are two possible 
explanations for this. By adding an additional inlet, the mass flow rate into each side of the 
header would be approximately halved, thereby reducing the inertial forces within the flow. In 
addition, it was suspected that by introducing refrigerant to the inlet header from both sides, 
there would be some canceling effect as the two streams met and the entire header length would 
show an improved liquid distribution. An improvement in evaporator performance was not seen 
with this configuration. 
Figure 5-10 shows the exit air stream temperature profile for the direct expansion 
configuration with two inlets and two outlets. A similar maldistribution problem is seen with 
this configuration. However, we see the air temperature rise on both the left and right side of the 
heat exchanger. This suggests that the lowest quality refrigerant is entering the tubes in the 
middle of the heat exchanger. The constant air exit temperature through the central zone of the 
evaporator indicates a two phase refrigerant exit from the middle tubes. Correspondingly, the 
high exit air temperatures from both the left and right side of the heat exchanger indicate a 
superheated exit condition from the tubes on either side. 
The air stream profile for the configuration with the controlled flash gas bypass is seen in 
Figure 5-11. These results show a much improved distribution profile. The outlet air 
temperatures are nearly constant across the entire face of the heat exchanger. This suggests that 
this new method of feeding and controlling the evaporator inlet conditions has improved the 
distribution of liquid refrigerant through the microchannel ports. By feeding the evaporator with 
liquid refrigerant from the bottom of the upstream accumulator, we have increased the amount of 
refrigerant side area that remains in the two-phase heat transfer regime. This has served to 
increase the effectiveness of this heat exchanger by 17% (Figure 5-13). 
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All three of the evaporator setups were tested with equal entering air properties including 
airflow rate, temperature, and relative humidity ratio. In addition, all of the tests were perfonned 
with each slab having the same evaporating capacity. Table 5-1 shows key results and system 
parameters. 
ax. dT 
19.4 C 
Figure 5-9 Evaporator air exit temperature profile for a single slab, direct 
expansion configuration with a single refrigerant inlet on the left side. 
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Figure 5-10 Evaporator air exit temperature profile for a single slab, direct 
expansion configuration with refrigerant inlets on both the left and right side. 
~~~~~~III~~maX.dT 
= 15.7 
Figure 5-11 Evaporator air exit temperature profile for a single slab 
evaporator with a controlled flash gas bypass. 
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Effectiveness values for all three test configurations can be seen in Figure 5-13 and Table 
5-1. For these dry air test conditions, the heat exchanger effectiveness is calculated from 
equations 5.1 and 5.2. 
&=~ (5.1) 
Qmax 
Where, Qe is equal to the evaporator capacity determined by chamber calorimetry, and 
Qrnax = Ca ( Teai - Teri) (5.2) 
with, 
Ca heat capacity of the air stream 
T eai temperature of inlet air stream 
T eri temperature of refrigerant inlet 
Figure 5-12 shows the required evaporation temperatures for all three configurations. 
The configuration with the flash gas bypass required an evaporation temperature that was almost 
4°C higher than the other configurations to produce the same evaporating capacity. A higher 
evaporation temperature and pressure allows the compressor to work at a lower pressure ratio 
with an increased isentropic efficiency, and ultimately lowers the power requirement of the 
compressor. As a result, the system with the flash gas bypass configuration showed a 20% 
improvement in overall system COP over the direct expansion configuration with two refrigerant 
inlets. While the COP value for the single inlet configuration condition is given in Table 5-1, a 
direct comparison with the other two evaporator setups cannot be made because this test was 
performed at a higher outdoor ambient temperature. 
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Figure 5-12. Comparison of required 
evaporation temperatures for equal capacity 
tests of several evaporator feeding methods. 
Qe Tevap Tero.L Tero.R Teai Tn.L Tn.R 
(kW) (DC) (DC) COC) COC) COC) (DC) 
DX, single 5.94 7.0 nla 7.1 26.4 17.1 19.5 inlet 
DX,dual 5.94 7.0 6.9 10.2 26.3 16.7 21.1 inlet 
Flash gas 5.94 10.8 10.8 11.3 26.5 19.1 19.1 bypass 
: 0.8 
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c: 
.g 0.4 
i ! 0.2 
o 
direct expansion direct expension controlled flash gas 
single inlet dual inlet bypass 
Figure 5-13 Comparison of calculated 
evaporator effectiveness for equal capacity tests 
of several evaporator feeding methods. 
V. ror 
eff. Tcai Pero COP Pcro Tcro (ro3/s) (glS) (DC) (Mpa) (Mpa) (DC) 
0.56 39.7 .48 33.3 4.18 3.4 8.35 34.9 
0.57 38.5 .46 27.8 4.17 4.5 7.41 30.5 
0.57 40.0 .56 27.8 4.59 5.4 7.43 30.6 
Table 5-1 
methods 
Evaporator and system parameters for tests to compare evaporator feeding 
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Appendix A Residential Air Conditioning System Components 
A.l R410A- AC Only System (tested first) 
A.1.1 System Overview and Schematic 
This system had a nominal capacity of 10.5 kW and used a hennetically sealed scroll 
compressor located within the confines of the condenser coil. The expansion valve was an 
orifice tube with an inner diameter of 1.78 mm. The heat exchangers consisted of aluminum 
wavy plate fms on copper tubes with an outer diameter of9.5 mm. Both the suction line and the 
liquid were approximately 6.7 m. long. A schematic of the R410A system can be seen in Figure 
A-I. 
Condenser 
A.1.2 Evaporator 
Scroll 
Compressor 
Figure A-I 
Filter 
Dryer Mass Flow 
Meter 
R410A Ale only system schematic. 
Evaporator 
A schematic of the evaporator coil within the duct test section provided in Figure A-2 
along with the technical specifications for the heat exchanger. 
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Manufacturer: Carrier 
Model: FKCN003 
Slope: 30° 
Rows: 3 
. Fins: 14.5 Fins/in. 
Face Area: 0.32 m2 
Tube dia: 10 mm 
TubeslRow: 28 
Air Flow Rate: 1200 scfm 
Fig A-2 Diagram and specifications for R41 OA AlC only evaporator coil. 
This schematic shows the a side view of the evaporator as it is situated in the duct 
test section B. 
A.I.3 Condenser Coil 
Manufacturer: Carrier 
Model: 381JU\036300 
1 row 
30 pipes 
24 fins/in. 
Face Area: 1.43 m2 
Tube dia.: 9.5 mm 
Figure A-3 Diagram and specifications for R410A AlC only condenser coil 
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A.1.4 System Instrumentation 
A schematic of the refrigerant side instrumentation is seen in Figure A-I. Refrigerant 
temperatures were measured with Omega inline grounded type 'T' thermocouples. Pressure 
measurements were made with electronic pressure transducers. Refrigerant mass flow rate and 
density were measured at the condenser outlet with a coriolis mass flow meter. Inline sight 
glasses were installed upstream of the expansion valve inlet and at the evaporator exit. 
A.l.5 Compressor 
A Copeland scroll type compressor is used with this system. The compressor is located 
within the outdoor coil. A photograph of the compressor along with its specifications is provided 
in Figure A-4. 
Figure A-4 R410A AlC only compressor 
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Specifications: 
Copeland model # : ZP32K3E- PFV- 230 
Copeland serial # : 96E376070 
Initial charge: 3.12 kg R410A & POE oil 
Power source: 208/230V, single phase, 
60Hz 
A.1.6 Outdoor Coil Fan 
The original Carrier condenser fan was used during testing of this system. This fan was a 
axial type direct drive fan and had the following technical specifications: 
Power source: 208/230 V, single phase, 60Hz 
Horsepower: 0.20 
The measured power usage for this fan was 207 W. The measured air flow rate for this fan and 
condenser coil at 28°C was 2800 scfin which is equal to the manufacturers published data. 
A.I. 7 Filter Dryer 
A Parker Liquid Line Filter Dryer was installed at the exit of the condenser. The filter 
was included with the Carrier outdoor unit. The model number was 163S. 
A.l.B Line Sets 
9.5 mm o.d. copper tubing was used for the liquid line connection. 19 mm o.d. copper 
tubing was used for the suction line connection. All joints were brazed with silver solder. The 
length of both the liquid and suction line sets was 6.7 m. All exposed copper tubing was covered 
with 9.5 mm thick Armaflex pipe insulation. 
A.l.9 Expansion Valve 
The expansion valve for this system was supplied with the indoor unit. It is an orifice 
type expansion valve. The supplied description is: R410A AccuRater® (Bypass Type) Model 
70. 
A.I.lO Sight glasses 
Inline sight glasses were installed "at the condenser exit and evaporator exit in order to be 
able to visibly check refrigerant conditions. These sight glasses were manufactured by Watsco 
Components, Inc. and are called Allin 1M Liquid Eye Sight Glass. They are an off the shelf 
product. 
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A.I.II Mass Flow Meter 
The refrigerant mass flow rate was measured with coriolis type mass flow meters 
manufactured by Micro Motion, model number Elite CMF025. 
A.loll Charging Conditions 
The system was charged to the specifications provided by Carrier on the access panel of 
the condenser unit. At the 5S test point, the specification was to have about 7°C superheat at the 
compressor inlet. Additional tests were performed at undercharged and overcharged conditions. 
The results of~ose tests can be seen in Figure 3-3. 
A.2 R410A Ale & HIP System (tested second) 
A.l.I Indoor Coil 
Manufacturer: Carrier 
Model: FX4A 
Slope: 30° 
Rows:3 / Side 
Fins: 15.2 Fins/in. 
Face Area: 0.42 m2 
Tube dia: 10 mm 
TubeslRow: 18 
Air Flow Rate: 1200 scfm 
Figure A-5 Diagram and specifications for the R410A AlC and HlP evaporator coil. 
This schematic shows the a side view of the evaporator as it is situated in the duct test 
section B. 
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A.2.2 Outdoor Coil 
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Manufacturer: Carrier 
Model: 381f.X)\036 
2 rows 
24 tubes / row 
20 fins/in. 
Face Area: 1.16 m2 
Tube dia.: 9.5 mm 
Coil height: 0.61 m 
Fin width: 19 mm x 2 
Perimeter: 1.91 m 
Figure A-6 Diagram and specifications ofR41OA NC & HIP outdoor coil and 
compressor. 
A.2.3 Compressor 
A Copeland scroll type compressor is used with this system. The compressor is located within 
the outdoor coil. Figure A-6 shows a diagram of this setup. 
Copeland model # : ZP32K3E - PFV - 230 
Copeland serial # : 98F721682 
Initial charge: 4.02 kg R41 OA & POE oil 
Power source: 208/230V, single phase, 60Hz 
A.2.4 Expansion Valve 
This system used a TXV type expansion valve in air conditioning mode. 
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A.2.S Line Sets 
The connecting lines for this R410A system were identical to the first R410A system. 
A.2.6 Sight Glasses 
The sight glasses for this R410A system were identical to the first R41 OA system. 
A.2.7 Charging Conditions 
This system was charged according to the manufacturers suggested method. In air conditioning 
mode, this was to add charge until there was 5°C subcooling at the condenser exit. 
A.3 R744 System Components 
A.3.1 System Overview and Schematics 
Several modifications have been made to the R744 system over time. Early systems 
consisted of a three-slab evaporator with individual manual expansion valves upstream of each 
evaporator inlet. In addition, a suction accumulator was located between the evaporator and the 
entrance to the suction line heat exchanger. A schematic of this system can be seen in Figure 
A-7. 
Subsequent iterations led to a novel approach towards feeding the evaporator with pure 
liquid and controlling the bypass flash gas with a manual valve. In this system the accumulator 
chamber was moved upstream of the evaporator. Liquid was drained from the bottom of the 
chamber and fed to the evaporator while the flash gas was allowed to bypass the evaporator from 
the top of the accumulator chamber. A schematic of this setup can be seen in Figure A-S. 
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R744 system schematic with controlled flash gas bypass 
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A.3.2 Indoor Heat Exchanger 
The R744 heat exchangers were provided by Hydro Aluminum, sponsor of the project. 
The design specifications were aimed at matching the geometry of the 1st R4I OA system as well 
as current manufacturing processes allowed. This would allow for an easier method of 
comparison. The primary basis for design and comparison is that of an equal core volume. Due 
to the prescribed thickness of the available microchannel tube, this invariable led to some 
variations in other heat exchanger parameters. A side by side comparison of some of these 
parameters can be seen in table A-I. It is important to note that the R744 heat exchangers were 
designed around the AlC only R4IOA system. The heat pump R410A system specifications 
were released after the R 744 heat exchangers had been manufactured. 
The R744 heat exchangers incorporate a special header design that allows for their 
operation at higher pressures (see Figure A-9). A schematic of the microchannel tubing can be 
seen in Figure A-I O. 
16,69 
0,2 mm chamfer R1,5 
4,43 
Figure A-9 Cross section of specially designed high 
pressure R744 heat exchanger header. 
0,430 
f<>-----16,510 -------<:>I 
Figure A-IO Cross section of the microchannel tube used in the R744 
heat exchangers. 
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Face area (mol) 
Core volume (m") 
Core thickness (cm) 
Air side area (m:Z) 
Ref. side area (mol) 
Fin frequen~y (fpi) 
Table A-I 
o 
o 
R744 R410 - aclhp system 
R410A -ac only system 
(3 slabs combined) ("A" frame) 
0.32 0.36 0.42 
0.018 0.018 0.024 
5.60 4.95 5.65 
18.6 22.5 27.48 
1.0 2.73 1.31 
14.5 17 15.2 
Comparison of indoor heat exchanger specifications. 
o 
o 
Indoor Coil Specs. 
Finned length: 0.82 m 
Finned width: 0.44 m 
# Tubes / slab: 41 
Single Pass / slab 
Fin depth: 16.5 mm 
Fin thickness: 0.10 mm 
Louver angle: 23° 
Fin height: 8.9 mm 
Louver height: 7.5 mm 
Louver pitch: 1.0 mm 
Louver entry length: 1.7 mm 
Louver redirection length: 1.7 mm 
# oflouvers: 2 x 6 
Figure A-II R744 indoor single pass microchannel heat exchanger slab shown on the top 
with the arrow showing the direction of refrigerant flow. The bottom schematic shows 
three single slab evaporators as they are placed in the duct test section. 
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A.3.3 Outdoor Heat Exchanger 
In order to simulate the horseshoe shaped heat exchanger of the R410A system, three flat 
microchannel heat exchangers are connected in parallel and placed together to form three sides 
ofa box. A photograph of this setup can be seen in Figure 2-2. The backside of this set of heat 
exchangers is covered with plywood. The same fan that was used with the R410A outdoor unit 
was also mounted to the top of this set of heat exchangers. 
The heat exchanger slabs for the outdoor coil are comprised of the same microchannel 
tube and header parts that made up the indoor heat exchanger slabs (see Figure A-9 and A-IO). 
Each heat exchanger slab uses 80 total microchannel rows over 6 passes. More detailed 
specifications and a schematic of one of these slabs can be seen in Figure A-12. 
o 
o 
Outlet 0 
o 
Inlet 
Outdoor Coil Specs. 
Finned length: 0.626 m 
Finned height: 0.850 m 
# Tubes / slab: 80 
Six Passes / slab 
#Tubes / pass: 16/15/14114111/10 
Fin depth: 16.5 mm 
Fin thickness: 0.10 mm 
Louver angle: 23° 
Fin height: 8.9 mm 
Louver height: 7.5 mm 
Louver pitch: 1.0 mm 
Louver entry length: 1.7 mm 
Louver redirection length: 1.7 mm 
# of louvers: 2 x 6 
Figure A-12 R744 outdoor six pass microchannel heat exchanger slab. 
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R410A -AiC only R744 R41O-AiC & HIP 
system (3 slabs combined) system 
Face area (m..!) 1.43 1.60 1.16 
Core volume (mj ) 0.026 0.026 0.043 
Core thickness (cm) 1.85 1.65 3.70 
Air side area (m2) 54.1 50.4 66.9 
Ref. side area (m2) 1.5 4.1 3.38 
Fin frequency (fins / in.) 24 23 20 
Table A-2 Companson of outdoor coIl specrficatIons for the three tested systems. 
A.3.4 Suction Line Heat Exchanger 
Aluminum coaxial suction line heat exchangers were used in order to increase the 
operating efficiency of the R744 cycle. This coaxial heat exchanger transferred heat from the 
supercritical refrigerant at the gas cooler exit to the suction refrigerant just before entering the 
compressor. This allows the refrigerant to exit the expansion valve with a lower quality and 
allows for a higher evaporating capacity at the expense of higher compressor temperatures and 
power requirements. Detailed descriptions of the type and specifications of the suction line heat 
exchangers can be seen in Boewe (1999). For all tests without flash gas bypass as well as the 
first set of flash gas bypass tests, a pair of 1.0m long coaxial heat exchangers connected in 
parallel was used. During the last set of flash gas bypass tests, a pair of 2.0m long coaxial heat 
exchangers connected in parallel was used. 
A.3.5 Compressor and Compressor Motor 
The compressor used in the R744 system is identical to those used in the mobile R744 
laboratory. It is a prototype, open, reciprocating compressor. An open compressor was used for 
this application because a hermetically sealed unit was not available at the time. 
The compressor was belt driven by a 15 HP motor. The choice of such a large motor was 
made because we wanted the option to run two compressors in parallel. To date, that option has 
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not been exercised. The compressor motor was controlled by a Cutler-Hammer 15 HP motor 
controller that was mounted on the East wall inside the 1 st room of the outdoor chamber. 
However, the control panel for this unit was mounted on the East wall of room 361. A 
photograph of the motor pulley and compressor can be seen in Figure A-B. 
Figure A-13 Photograph of the 15 hp motor and the R744 
compressor mounted on their steel frame. The location for a second 
R744 compressor can be seen on the left side of the other compressor. 
This compressor stand did not have a torque meter between the motor and compressor. 
Therefore, we were unable to use direct measurements of the required compressor power. 
Instead the compressor power was calculated based on careful calibration ~ the mobile 
experimental facility. The isentropic efficiency for the same compressor operating at two 
different speeds is shown in Figure A-14 as a function of the compression ratio. This graph 
shows that over the range of 950 to 1800 RPM, the compressor speed had little to no effect on 
the isentropic efficiency. The compressor speeds used in the residential experimental facility 
were between 950 and 1300 RPM. Based on these data points, Equation A.l was used to 
calculate the compressor power and is reflected in the COP values given in Figure 4-9. The data 
points in Figure A-14, which reflect final data shown in Figure 4-9 show that the use of Equation 
60 
A.I was conservative. A regression of the 950 RPM data suggests that the compressor efficiency 
relation A.I could be 5-10% higher. For more information on the torque meter and the 
compressor stand that was used to produce this data, see Boewe (1999). 
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Figure A-I4 Compressor efficiency data from the mobile experimental 
facility as a function of compression ratio for two different compressor speeds. 
A.3.6 Oil Separator 
(A.I) 
Several oil separator systems were used with this system. A schematic of the first oil 
separator can be seen in Figure A-IS. This design was fairly simplistic and was augmented by 
filling the cavity with a stainless steel dish scrubber. The manufacturer of the compressor 
provided the next oil separator that was used. After only a few days, this oil separator was 
removed due to the large pressure drop, which was measured at 4-6 bar. The last and best setup 
was accomplished by bypassing the oil separator altogether. We can only surmise that the oil 
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separators available to us were not designed well enough to provide a benefit in the form of 
decreased oil circulation to overcome the disadvantage of an increased pressure drop. This 
problem could be explored further by looking at the effect of more than one oil separator used in 
parallel and or in series. 
A.3.7 Line Sets 
b 
o 
c.; 
'I. NPT 
-+--'1. NPT 
b q 
1.5 in. SCH 80 Steel Pipe (o.d. = 1.9 In.) 
~3/8 o.d. Steel Tube 
,--] 
b q 
~-f-O.75" 
Figure A -15 Design schematic for the first R 7 44 oil 
separator. 
On the high-pressure side, 9.5 mm o.d. copper pipe was used for all connecting lines. 
The inside diameter was 6.4 mm. All connections used two ferrule compression fittings and the 
total length of copper pipe· from the compressor exit to the evaporator inlet was 10.4 m. On the 
low-pressure side, 15.9 mm o.d. soft copper pipe was used for all connecting lines. The inside 
diameter was 12.7 mm, and the total length was 9.5 m from the evaporator exit to the compressor 
inlet. 
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A.3.8 Sight Glasses 
Special high pressure sight glasses were used in the R744 system. They were made by 
PresSure® Products and called Bull's-Eye See-Thru sight glasses. The standard model was used 
for locations between the expansion device and the compressor inlet. This model had a 
maximum operating pressure of 6.9 MPa. A heavy duty model was also specially manufactured 
for the high-side locations. These sight glasses had a maximum operating pressure of 20.7 MPa. 
A picture of one of the sight glasses can be seen in Figure A-16. 
Figure A-16 R744 sight glass. Note the presence ()f 
liquid R 744 at the bottom of the viewing area. 
A.3.9 Suction Accumulator 
A special high-pressure suction accumulator was designed by PresSure® Products for use 
in the R744 system. A picture of this accumulator can be seen in Figure A-17. The maximum 
rated operating pressure for this unit was 6.9 MPa. It was designed with a sight glass running the 
height of the unit on both the front and rear of the device. An additional round sight glass was 
located on the bottom of the unit. The presence of these sight glasses allowed for the monitoring 
of the levels 'of 'oil,liquid C02, Ed vapor C02 within the accumulator chamber. The 
accumulator had one inlet and two exits. The inlet was designed to prevent the fast moving 
entering mixture from disturbing the liquid and oil layers as much as possible. One exit was 
located at the top of the chamber and was used to remove refrigerant vapor. The other exit is 
located at the bottom of the chamber and is used to remove both oil and liquid C02. 
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Figure A-I7 The R744 suction accumulator. The black tube 
pointed at the bottom of the viewing area is actually a fiber optic 
light source used to improve viewability 
For R744 systems with a controlled flash gas bypass valve, the suction accumulator was 
located upstream of the indoor coil. In this configuration, the liquid exit from the bottom of the 
chamber passes on to the indoor coil, while the vapor exited through the flash gas bypass valve 
located after the exit on the top of the chamber. 
For earlier R744 systems without the flash gas bypass, the suction accumulator was 
located after the indoor coil exit. In this case, the main refrigerant exit was in the vapor form and 
from the top of the chamber. Excess refrigerant was then stored in liquid form within the suction 
accumulator. A small amount of oil was returned to the compressor from the bottom of the 
suction accumulator. 
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A.3.10 Expansion Valve 
A manual expansion valve was used for all R744 systems. They are supplied by Hoke® 
and are called Bar Stock Metering Valves, model number 2311F4B. They are supplied with a 
micrometer vernier handle and have a maximum operating pressure of 20.7 MPa. 
For system tests without a flash gas bypass, a separate expansion valve was located 
upstream of each of the three evaporator heat exchanger slabs. This allowed for the refrigerant 
mass flow rate to be controlled separately for each slab. 
For ~e first test utilizing controlled flash gas bypass, a single expansion valve was used 
just upstream of the flash gas accumulator. This worked well for most tests. However, with only 
a single expansion valve, high side pressures lower than 8000 kPa could not be achieved even 
with the valve completely open. Thus for the second set of controlled flash gas bypass tests, a 
second identical expansion valve was installed in parallel with the first valve. 
A.3.11 Flash Gas Bypass Valve 
A Whitney® Rising Plug Valve, model number SS-5PDF8, was used to control the 
pressure drop across the flash gas bypass line. The maximum operating pressure of this valve 
was 41.4 MPa. This valve was chosen because of its small pressure drop in the completely open 
position. Two identical valves were used just upstream of the refrigerant inlet to the bottom two 
evaporator slabs. They were used purely to control the ratio of refrigerant flow between all three 
heat exchanger slabs. 
A.3.12 Charging Conditions 
The R 744 system was charged with an amoWlt of bone dry C02 sufficient to keep a 
visible level of liquid refrigerant in the suction accumulator. The level would be allowed to 
fluctuate as testing condition changed, but refrigerant would be added if the accumulator 
chamber completely emptied and refrigerant would be removed if the refrigerant level rose 
above the level of the inlet pipe. 
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Appendix B Environmental Chambers 
B.1 Overview 
This laboratory utilized two environmental chambers, which simulated the conditions 
inside and outside of a residence. The original walls of the walk. in coolers measured four inches 
thick. An additional eight inches of insulation was added to each wall and the ceiling of the 
chamber. A removable door was also constructed for each chamber to match the additional 
insulation thickness of the rest of the walls. 
Five thermocouples were attached to the inside and outside of each wall and the floor and 
ceiling. This information quantified the temperature gradient across the floor, walls, and ceiling 
of the chamber during operation. This information along with the calibration curve for each 
chamber allowed for the precise calculation of heat loses or gains through the chamber walls. 
B.2 Calibration 
The environmental chambers were calibrated by placing a heat source within a closed 
chamber. Over the course of several days, the chamber was allowed to come to steady state at a 
raised temperature. The power of the heat source was measured using a watt transducer. At 
steady state, the power entering the chamber in the form of electricity is equal to the amount of 
heat leaking out of the chamber in the form of conduction through the chamber walls. The 
temperature measurements from the thermocouples provide the temperature gradients for the 
floor, walls, and ceiling that are necessary for a given amount of conduction losses. From this 
information, separate heat transfer coefficients for the floor, walls, and ceiling were obtained. As 
all chambers were constructed identically, these coefficients were used for all chambers. By 
measuring the temperature gradient across each surface and multiplying by the associated heat 
transfer coefficient and the surface area, the heat loss through each surface is obtained. This 
information can be seen in table B-1. 
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Floor Walls Ceiling 
Heat Transfer Coefficient (W/mJ.-K) 0.6571 0.073 0.2197 
Indoor Chamber Areas (mJ.) 8.89 15.441 8.89 
Outdoor Chamber Areas (mJ.) 13.888 19.134 13.888 
Table B-1 . Residential environmental chamber calibration coefficients. 
B.3 Indoor Chamber Dimensions 
The inside dimensions of the indoor chamber measured 4.17m long by 2.14m wide and 
2.45m tall. The floor was four inches thick. All other walls were twelve inches thick. 
B.4 Outdoor Chamber Dimensions 
The inside dimensions of the outdoor chamber measured 5.07m long by 2.74m wide and 
2.45m tall. This chamber was further divided into two sub compartments by a non-insulating 
barrier wall. The purpose of this wall is to prevent the air from the blower exit from being forced 
into the condenser coil. 
B.5 Chamber Watt Transducers 
To facilitate the use of an overall chamber energy balance, all electrical power that was 
used within each chamber was measured using Ohio Semitronics, Inc. Precision AC watt 
transducers. These watt transducers were accurate to 0.2% of reading. The outdoor chamber 
used three watt transducers and the indoor chamber used two watt transducers. During R744 
testing, Ohio Semitronics Current Transformers were used in conjunction with the watt 
transducers to measure the power used by the compressor motor. This was necessary, as the 
current draw of the motor exceeded the rated current of the watt transducers. The current ratio 
for the current transformers was 50:5. Table B-2 shows which items were connected to each 
watt transducer. 
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Chamber Model # Full Scale Measured Load 
Power 
Indoor GW5 12kW Blower, Aux. Space Heaters 
Indoor GW5 8kW Duct Heaters 
Outdoor GW5 8kW Blowers 
Outdoor GW5 8kW Duct Heaters 
Outdoor GW5 4kW Compressor and Coil Fan 
Table B-2 Residential chamber watt transducer assignments. 
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Appendix C Airflow Loops 
This laboratory uses a ducted airflow system. This allows for the use of an airside energy 
balance. The ducts in both chambers were custom made by Rose Heating and Air Conditioning 
and assembled within each chamber. 
C.I Indoor Chamber 
A schematic of the indoor chamber airflow loop can be seen in Figure C-3. The air in this 
duct is moved by a Dayton high pressure direct-drive blower located at the exit of the duct. 
Varying the motor rpm through the use of a Cutler-Hammer motor controller controls the airflow 
rate. The air inlet temperature is measured using an II X 5 thermocouple grid that covers the 
entire face of the duct. The signals from this grid are electrically averaged before being 
measured by the data acquisition system. The humidity of the entering air is measured through 
the use of both a capacitance humidity sensor as well as a chilled mirror humidity sensor. The 
chilled mirror sensor is more accurate and so this signal is used for calculations and to determine 
the set point for the capacitance sensor which controls the humidifier Pill. A photograph 
depicting the dew point humidity sensor and the temperature grid at the inlet of the indoor duct 
can be seen in Figure C-l. For more information on the humidifier system see Boewe (1999). 
Figure C-I Photograph of the indoor Figure C-2 Photograph of the indoor duct 
chamber duct inlet. nozzles from the duct inlet. 
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The entering air then flows across the appropriate indoor coil. The air then flows through 
a set of two ASHRAE standard reducing nozzles mounted within the duct. By measuring the 
pressme drop across the nozzles and through the use of an appropriate geometrical relationship, 
the airflow rate can be calculated. The pressme drop across the nozzles is measmed with a 
differential pressme transducer. The high side air supply to the differential pressme transducer is 
connected to 1116" holes on each of the fom sides of the duct. The low side is measmed in a 
similar manner by fom holes located after the nozzle exit. The pressme drop across the indoor 
coil is measmed in a similar manner. However, only one hole is used before and after the indoor 
coil for this measmement. 
It should be noted that for the tests on the R410A Ale & HIP system, the pressme drop 
across the nozzles was measmed on an inclined manometer that was located outside of the 
chamber. For these measmements the tubes connecting the high and low side were extended out 
of the chamber. This was necessary because of the failme of the differential pressme transducer. 
For these tests the measmed value of the pressme drop was manually entered into the EES 
program after the rest of the data was entered. 
The air then flows through two large heat exchangers that are connected to the glycol 
cooling system. These heat exchangers are only used to remove heat during heat pump testing. 
Next in the loop is a set of six 1.2 kW electrical resistance heaters that are controlled by a PID 
whose input signal is the air inlet temperatme. Finally, humidity is added to the heated air by the 
humidifier port. The air is then discharged through the blower exit into the room. At some 
conditions the heat input from the ducted heaters is not sufficient and two additional space 
heaters located on the floor of the chamber near the blower exit can be used as needed. The heat 
output of each space heater is nominally 1.5 kW. 
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H 
Figure C-3 Residential indoor duct schematic. 
Duct Purpose / Remarks Dimensions (cm) 
Section Height Length Depth 
A Holds thermocouple grid 51 25 89 
B Holds indoor coil. Door on front face. 51 89 89 
C Expands duct size 51> 56 20 89> 114 
D Upstream of nozzles. Window on front face. 56 51 114 
E Downstream of nozzle. 56 71 114 
F 90° Turn. Reduce duct size. Hold glycol HXs 56> 30 - - 114> 56 
G Holds duct heaters 30 30 56 
H 90° turn. Humidifier ,input. 30 - 56 
I Connecting duct 30 64 56 
J Reduce duct size to connect to blower. - 25 --
Table C-1 Description and dimensions of the indoor duct sections. 
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C.2 Outdoor Chamber 
A schematic of the outdoor chamber airflow loop can be seen in Figure C-4. The outdoor 
chamber is separated into two parts by a thin wall in order to prevent the blower exit velocity 
from affecting the air velocity profile over the indoor coil. As the air exits the blower into the 
front room, it is forced through a seven-inch gap under the floor of the back room. The air then 
enters the back room through an opening underneath the outdoor coil. In this manner, the air 
enters the back room with a velocity that is aimed away from the outdoor coil. This was done to 
most closely simulate the conditions that the outdoor coil would see in a normal working 
environment. -The outdoor air temperature is measured by a grid of four thermocouples mounted 
around the opening underneath the outdoor coil. 
After entering the outdoor coil, the air flows into the duct system, which is connected to 
the outdoor coil by a flexible plastic shroud (see Figure C-5). The air flows through three 
nozzles over which the pressure drop is measured in a manner similar to that in the indoor 
chamber. After exiting the nozzles, the air flows over a single large heat exchanger connected to 
the glycol system. In AlC mode, this heat exchanger is used to remove heat from the chamber. 
The air then passes over 3 electrical resistance heaters. The three 1.2 kW heaters are controlled 
by a PID which uses the air inlet temperature as the input signal. The heated air then flows over 
a humidifier port that can be used to add humidity during HIP operation. Finally the air exits 
through two blowers connected in parallel. A separate motor runs each blower. One of these 
motors is run at 100% power during operation. A Cutler-Hammer motor controller controls the 
other blower motor. 
The airflow rate across the outdoor coil is controlled by the rpm of the controlled motor. 
This airflow rate was set to be equal to the airflow rate over Carrier's ac system operating in a 
normal environment. This airflow rate was accomplished by setting the pressure drop across the 
shroud to be zero. In this manner, the extra blowers are used only to compensate for the extra 
pressure drop introduced by the ducted system and glycol heat exchanger. The airflow rate is 
entirely determined by the original fan on top of the outdoor coil. The airflow rate was found to 
be very near the published value of 2800 scfm. The tests for the R744 system were run at this 
same airflow rate, as were the tests for the Carrier hp system. It should be noted that for tests 
with Carrier's HIP system, the measured pressure drop across the shroud was not zero. The tests 
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indicated that under nonnal operating conditions the airflow rate across the outdoor coil would 
have been less than 2800 scfm. However, the tests were run at 2800 scfm to facilitate better 
comparison of test results. 
( 
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Figure C-4 Residential outdoor chamber duct schematic. 
Duct Purpose / Remarks Dimensions (cm) 
Section Height Length Depth 
A Connect outdoor coil exit to duct 
B Expands duct size. Window on bottom face. 61 51 
C Upstream of nozzles 61 74 163 
D Downstream of nozzles. Window on bottom 61 102 163 
face. Holds glycol HXs -
E 90° Tum. Reduce duct size. 61 >30 163> 56 
F Holds duct heaters 30 74 56 
G 90° tum. Humidifier input. 30 56 
H Connect duct to two blowers 30 64 56 
Table C-2 Description and dimensions of the indoor duct sections. 
73 
Figure C-5 Photograph of the shroud connecting the top of the outdoor 
heat exchanger to the duct inlet. The photo indicates a slightly lower 
pressure at the axial fan discharge at this particular moment. 
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Appendix D Humidification System 
A steam humidification system is used to control the humidity inside the indoor chamber 
dming air conditioning mode and within the outdoor chamber dming heat pump operation. 
Details of the operation of the humidifier system can be seen in Boewe (1999). 
D.I Condensate Collection 
It is assumed that once steady state operation is achieved, the mass flow rate of steam 
entering the chamber is equal to the mass flow rate of water condensing onto the heat exchanger. 
This condensate is collected in the bottom of the duct and drained out of the chamber. After 
leaving the chamber, the water is collected in a bucket that hangs from a load cell (see Figure D-
1). In this manner, the weight of the condensate is continually monitored and a value for the 
mass flow rate of condensate is calculated by fitting a least squared error line to the graph of 
condensate weight versus time. The slope of this line is the mass flow rate of water, which 
should be equal to the mass flow rate of steam into the chamber. 
Figure D-l Photograph of the 
condensate bucket hanging from a load 
cell. 
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Appendix E Glycol Chiller System 
E.l Overview 
In order to remove excess heat from the outdoor chamber in AlC mode and the indoor 
chamber in HIP mode, a glycol chiller system is used. The heart of this system is two 10.5 kW 
Continental Packaged Air Cooled Chiller units, model number CCA-5E, located on the roof of 
Mechanical Engineering Laboratory outside of room 361. This glycol system was developed to 
support both ~e residential and the mobile air conditioning laboratories. It was designed with 
maximum flexibility of operation in mind. For complete details on the piping networks, valve 
locations, and operational schematics see Boewe (1999). 
E.2 Glycol Heat Exchangers 
During air conditioning mode, chilled glycol is pumped through a heat exchanger located 
in section D of the outdoor duct system (see Figure C-4). The specifications for this heat 
exchanger are as follows: 
Vendor: Liebert 
Model#: X-0910 
Finned length: 1.47 m 
Finned height: 0.51 m 
Finned depth: 8.2 cm 
Fins: 0.15 mm Al corrugated with 12 fpi 
Tubes: 1.27 cm o.d. X 0.56mm wall-19 tubes * 3 rows = 57 tubes 
Air side area: 69 m2 
During heat pump mode, chilled glycol is pumped through a heat exch~ger located in 
section F of the indoor duct system (see Figure C-3). The specifications for the indoor glycol 
heat exchanger are as follows: 
Vendor: Liebert 
Model#: 127659pl 
Finned length: 0.91m 
Finned height: 0.56 m 
Finned depth: 2 * 8.8 =17.6 cm 
Fins: 0.15 mm Al corrugated with 10 fpi 
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Tubes: 9.5 mm o.d. X 0.41mm wall -22 tubes*4 rows*2 HX = 
Air side area: 2*35.5 = 71 m2 
E.3 Glycol Calibration 
176 tubes 
A 50/50 mixture of propylene glycol and water was used in the glycol cooling system. The 
specific heat of the glycol mixture was determined using a specially designed test section of pipe. 
Within this test section a measured amount of heat is added to the flowing glycol by an electrical 
resistance heater. The inlet and outlet glycol temperatures are measured along with the glycol 
mass flow rate. The specific heat of the glycol mixture was then determined. For more detailed 
information on the glycol calibration, see Boewe (1999). 
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Appendix F System Instrumentation 
F.1 Data Acquisition System 
F.1.l Hardware 
The data acquisition system consisted of a Hewlett Packard E1300A B-size mainframe 
which was run from a 200 MHz Gateway 2000 personal computer. The mainframe contained an 
internal 5.5 digit multimeter along with two 16 channel multiplexer boards and three 16 channel 
thermocouple boards. This allowed for the monitoring of 80 simultaneous signals. 
F.1.2 Software 
The personal computer interfaced with the data acquisition system through the use of the 
HP Vee software package. The program that was used allowed for real time onscreen viewing of 
all 80 channels. In addition, all raw data as well as processed data is saved to a Microsoft Excel 
spreadsheet for further calculations. 
F.2 Variable List and Method of Measurement 
Variable Instrument Used Measured Range Accuracy Name 
Tdpe Chilled mirror Dew point of air entering indoor coil -40°C to O.loC (R744) dew point sensor 60°C 
Teai Welded Indoor air inlet temp. 
-200 to lOC or 0.75% 
Thermocouple 350 DC above O°C 
Tcai Welded Outdoor air inlet temp. -200 to 1°C or 0.75% Thermocouple 350°C above O°C 
Wc12 Watt Transducer Power consumption of outdoor blowers Oto 8kW 0.2 %of 
reading 
Wc8 Watt Transducer Power consumption of outdoor duct Oto 8kW 0.2 %of heaters reading 
We12 Watt Transducer Power consumption of indoor blowers o to 12 0.2 %of kW reading 
Table F-I Variable list and a description of the instrument used for theIr measurement. 
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We8 Watt Transducer Power consumption of indoor duct Oto 8kW 0.2 %of heaters + space heaters reading 
Wmot Watt Transducer Power consumption of compressor and Ot04kW 0.2 %of (R41 OA) fan reading 
Wm Watt Transducer Power consumption of compressor Ot040 3 %of 
and Current (R744) Transformer motor kW reading 
Mg Corriolis mass Mass flow rate of glycol coolant o to 600 0.12% of flowmeter gls reading 
Deng Coriolis mass Density of glycol coolant 0.0005 glcc flowmeter -
Welded 
-200 to 1°C or 0.75% Teao Thermocouple Air temp. at evaporator outlet 
Grid 350°C above O°C 
Welded 
-200 to 1°C or 0.75% Tcao Thermocouple Air temp. at gas cooler outlet 
Grid 350°C above O°C 
Tero Thermocouple Ref. temp. at the evaporator exit -200 to 1°C or 0.75% Probe 350°C above O°C 
Tori Thermocouple Ref. temp. at the orifice inlet -200 to 1°C or 0.75% Probe 350°C above O°C 
Tcri Thermocouple Ref. temp. at the condenser inlet -200 to 1°C or 0.75% Probe 350°C above O°C 
Tcro Thermocouple Ref. temp. at the condenser exit -200 to 1°C or 0.75% Probe 350°C above O°C 
Trcpi Thermocouple Ref. temp. at the compressor inlet -200 to 1°C or 0.75% (R4l0A) Probe 350°C above O°C 
Trcpi2 Thermocouple Ref. temp. at the compressor inlet -200 to 1°C or 0.75% (R744) Probe 350°C above O°C 
Trcp02 Thermocouple Ref. temp. at the compressor outlet -200 to 1°C or 0.75% (R744) Probe 350°C above O°C 
Mr Corriolis mass Refrigerant mass flow rate at expansion o to 300 0.55% of flowmeter valve inlet gls reading 
Denr Coriolis mass Refrigerant density at expansion valve O.OO~.glcc flowmeter inlet -
Pero Pressure Ref. pressure at the evaporator exit o to 6.9 0.1 % of full Transducer MPa scale 
Pcro Pressure Ref. pressure at the condenser exit o to 6.9 0.1 % offull (R410A) Transducer MPa scale 
Pcro Pressure Ref. pressure at the condenser exit o to 20.7 0.1 % offull (R744) Transducer MPa scale 
Peri Pressure Ref. pressure at the condenser inlet o to 6.9 0.1 % offull (R4l0A) Transducer MPa scale 
Table F-l (cont.) 
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Peri Pressure Ref. pressure at the condenser inlet o to 20.7 0.1 % offull (R744) Transducer MPa scale 
Prcpi Pressure Ref. pressure at the compressor inlet o to 6.9 0.1 % offull Transducer MPa scale 
Prcpo Pressure Ref pressure at the compressor inlet o to 20.7 0.1 % offull (R744) Transducer MPa scale 
Peri Pressure Ref pressure at the evaporator inlet o to 6.9 0.1 % of full Transducer MPa scale 
Pori Pressure Ref pressure at the expansion valve inlet o to 20.7 0.1 % offull (R744) Transducer MPa scale 
Tori Thermocouple Ref temperature at the expansion valve -200 to 1°C or 0.75% 
(R744) Probe inlet 350°C above O°C 
Tcgi Thermocouple Glycol temp. at outdoor chamber inlet -200 to 1°C or 0.75% Probe 350°C aboveO°C 
Tcgo Thermocouple Glycol temp. at outdoor chamber exit -200 to 1°C or 0.75% Probe 350°C above O°C 
Tenl Welded Air temp. through nozzle I in indoor -200 to 1°C or 0.75% Thermocouple duct 350°C aboveO°C 
Ten2 Welded Air temp. through nozzle 2 in indoor -200 to 1°C or 0.75% Thermocouple duct 350°C aboveO°C 
Differential Air side pressure drop across nozzles in Oto 250 0.073 %of Dpen Pressure 
Transducer indoor duct Pa full scale 
Tcnl Welded Air temp. through nozzle I in outdoor -200 to 1°C or 0.75% Thermocouple duct 350°C above O°C 
Tcn2 Welded Air temp. through nozzle 2 in outdoor -200 to 1°C or 0.75% Thermocouple duct 350°C above O°C 
Tcn3 Welded Air temp. through nozzle 3 in outdoor -200 to 1°C or 0.75% Thermocouple duct 350°C aboveO°C 
Differential Air side pressure drop across nozzles in o to 600 0.073 %of 
Dpen Pressure 
outdoor duct Pa full scale Transducer 
Teif Welded Avg. inside floor temp. for indoor 
-200 to 1°C or 0.75% 
Thermocouple chamber 350°C above O°C 
Teof Welded Avg. outside floor temp. for indoor 
-200 to 1°C od).75% 
Thermocouple chamber 350°C aboveO°C 
Teic Welded Avg. inside ceiling temp. for indoor 
-200 to 1°C or 0.75% 
Thermocouple chamber 350°C above O°C 
Teoc Welded Avg. outside ceiling temp. for indoor 
-200 to 1°C or 0.75% 
Thermocouple chamber 350°C aboveO°C 
Teiw Welded Avg. inside wall temp. for indoor 
-200 to 1°C or 0.75% 
Thermocouple chamber 350°C above O°C 
Table F-l (cont.) 
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Teow Welded Avg. outside wall temp. for indoor -200 to 1°C or 0.75% Thermocouple chamber 350°C aboveO°C 
Tcif Welded Avg. inside floor temp. for outdoor -200 to 1°C or 0.75% Thermocouple chamber 350°C aboveO°C 
Tcof Welded Avg. outside floor temp. for outdoor -200 to 1°C or 0.75% Thermocouple chamber 350°C aboveO°C 
Tcic Welded Avg. inside ceiling temp. for outdoor -200 to 1°C or 0.75% Thermocouple chamber 350°C aboveO°C 
Tcoc Welded Avg. outside ceiling temp. for outdoor -200 to 1°C or 0.75% Thermocouple chamber 350°C aboveO°C 
Tciw Welded Avg. inside wall temp. for outdoor -200 to 1°C or 0.75% Thermocouple chamber 350°C above O°C 
Tcow 
. Welded Avg. outside wall temp. for outdoor -200 to 1°C or 0.75% 
Thermocouple chamber 350°C aboveO°C 
G Strain Gage Condensate weight o to 4.5 kg 0.05 % offull 
scale 
Tw Welded Temperature of condensate exiting -200 to 1°C or 0.75% Thermocouple chamber 350°C aboveO°C 
Ts Thermocouple Steam temperature entering indoor -200 to 1°C or 0.75% Probe chamber 350°C above O°C 
DG Scale Rate of condensate drainage - Hand - -
entered 
Time Internal Clock Hand entered - -
Dslope Calculated real Slope of best fit line of condensate 
- -(R744) time within Excel weight versus time 
Table F-I (cont.) 
81 
Appendix G Tabular Results 
G.I R410A Ale Only System 
# Data File Teai Tdp AFRindoor Rhe Tcai AFRoutdoor 
(C) (C) (m3/s) (%) (C) (m3/s) 
1 R121997p1w 32.4 21.1 0.56 51.5 39.0 1.31 
2 R12249702w 32.6 21.2 0.56 51.3 43.4 1.30 
35 R12189703s1 26.7 15.8 0.57 51.1 27.8 1.33 
55 R121897p5s1 26.8 15.7 0.56 50.6 35.1 1.32 
6 R12199806w 26.9 15.7 0.56 50.4 39.0 1.31 
75 R122497p7w 27.0 15.9 0.56 50.8 46.3 1.30 
8 R12209708w 24.6 13.6 0.57 50.2 30.6 1.34 
9 R122097p9w 24.5 13.6 0.57 50.6 35.0 1.34 
10 R122197010 22.4 11.5 0.57 49.9 22.3 1.36 
11 R122197p11 22.4 11.5 0.57 50.2 25.0 1.35 
12 R122197012 22.4 11.5 0.57 50.1 27.8 1.34 
13 R122197J)13 22.4 11.5 0.57 50.1 30.6 1.33 
14 R122297p14 26.8 20.5 0.56 68.1 35.1 1.32 
15 R122397015 22.4 17.2 0.57 72.1 30.6 1.34 
16 R122297p16 26.8 18.6 0.56 60.9 35.0 1.32 
18 R122297018 26.8 17.1 0.56 55.3 35.0 1.32 
3D R010798p3nh 26.6 8.6 0.57 32.0 27.5 1.33 
Table 0-1 R410A AlC only - general test parameters 
# Teao Ten 1 Ten2 Ts Tw OG Open Patm 
(C) (C) (C) (C) (C) (kg/s) (Pa) (kPa) 
1 20.6 20.3 19.6 99.3 24.1 0.00097 207.5 98.9 
2 20.8 20.5 20.1 98.7 23.2 0.00089 208.3 97.1 
35 14.3 14.0 13.2 98.8 19.4 0.00085 206.7 98.8 
55 14.9 14.5 13.9 99.1 20.5 0.00073 206.1 98.8 
6 15.2 14.9 14.6 99.2 20.2 0.00063 2.05 98.9 
75 15.5 15.1 15.4 96.0 21.0 0.00049 206.1 97.0 
8 12.8 12.5 12.3 99.4 19.7 0.00068 209.4 - 99.6 
9 13.0 12.6 12.7 99.5 19.8 0.00058 209.3 99.6 
10 10.2 9.9 9.6 99.0 17.2 0.00066 206.9 99.1 
11 10.4 10.1 9.9 99.1 17.6 0.00064 207.3 99.0 
12 10.5 10.2 10.2 99.1 18.1 0.00059 207.2 99.0 
13 10.6 10.3 10.4 99.1 18.7 0.00057 206.7 99.0 
14 18.1 17.8 17.4 99.1 20.6 0.00177 206.9 98.1 
15 13.9 13.6 13.4 99.2 17.2 0.00173 207.9 99.1 
16 16.7 16.4 16.1 99.1 19.8 0.00134 208.1 98.5 
18 15.9 15.5 15.3 99.1 19.8 0.00100 207.5 98.7 
3D 12.5 11.9 11.1 26.0 25.4 0.00000 206.8 98.4 
. . Table 0-2 R410A AlC only - mdoor air-SIde properties 
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# Tcao Tcn1 Tcn2 Tcn3 OPcn Mg Tcgi Tcgo 
(C) (C) (C) (C) (Pa) (g/s) (C) (C) 
1 48.2 47.7 47.7 48.2 208.1 699.5 14.8 23.5 
2 52.5 51.9 51.9 52.4 210.7 866.9 23.0 29.9 
3S 36.1 35.6 35.6 35.8 207.5 814.8 7.2 13.7 
5S 43.5 43.1 43.1 43.4 207.7 811.2 12.2 19.6 
6 47.6 47.2 47.1 47.4 208.1 697.5 14.3 23.1 
7S 54.0 54.1 54.0 54.2 210.8 621.4 21.5 31.1 
8 38.6 38.3 38.2 38.5 210.7 822.8 9.1 16.0 
9 43.2 42.8 42.8 43.1 212.5 795.9 12.8 19.8 
10 30.0 29.5 29.5 29.7 212.4 859.2 3.4 9.2 
11 33.0 32.5 32.4 32.6 211.6 864.9 4.6 10.8 
12 35.9 35.3 35.3 35.5 210.4 815.7 7.3 13.8 
13 38.7 38.1 38.1 38.3 209.6 824.9 9.5 16.0 
14 44.2 43.7 43.6 44.0 209.8 838.5 13.5 20.2 
15 38.8 38.5 38.4 38.7 211.9 822.8 9.3 16.1 
16 43.8 43.3 43.3 43.7 210.6 838.2 13.5 20.1 
18 43.7 43.3 43.3 43.6 210.6 838.4 13.5 20.2 
30 35.9 35.4 35.4 35.7 209.9 812.5 7.1 13.4 
. . . Table 0-3 R410A AlC only - outdoor aIr-side and glycol properties 
# Peri Tero Pero OTsup Trcpi Prcpi Tcri Pcri Tcro Pcro OTsub Mr Tori 
(kPa) (C) (kPa) (C) (C) (kPa) (C) (kPa) (C) (kPa) (C) (g/s) (C) 
1 1209 19.5 1204 5.8 18.0 1117 83.6 3162 41.8 3031 7.7 67.7 41.6 
2 1243 19.7 1235 5.1 18.4 1148 88.6 3447 46.3 3317 7.2 69.4 46.0 
3S 1052 13.4 1044 4.6 12.5 969. 68.0 2424 29.9 2291 8.0 60.0 29.6 
5S 1106 13.4 1099 2.9 12.3 1021 75.5 2848 38.0 2716 6.9 63.3 37.8 
6 1132 11.9 1124 0.6 11.2 1044 79.3 3097 42.3 2967 6.3 64.9 42.1 
7S 1177 12.4 1167 0.0 10.6 1087 86.8 3569 49.7 3445 5~5 67.7 49.4 
8 1042 11.1 1034 2.6 10.0 961. 69.3 2553 33.3 2422 6.8 60.1 33.1 
9 1069 9.3 1061 0.0 8.6 985. 73.2 2816 38.3 2687 6.1 62.0 38.1 
10 956.6 9.0 947.7 3.4 8.2 881. 59.9 2090 24.2 1959 7.4 55.2 24.1 
11 976.5 8.8 966.6 2.5 7.7 899. 62.3 2230 27.3 2098 7.0 56.5 27.2 
12 992.1 7.4 983.3 0.6 6.8 914. 64.5 2377 30.4 2246 6.6 57.7 30.2 
13 1008 7:1 '998.4 0.0 5:9 928. 66.7 2533 33.6 2402 6.2 58.9 33.3 
14 1148 17.2 1137 5.5 15.6 1059 77.9 2889 37.9 2756 7.6 65.0 37.7 
15 1060 13.1 1049 4.1 11.9 978. 70.6 2568 33.1 2436 7.2 60.8 33.0 
16 1130 15.8 1121 4.5 14.4 1043 77.0 2869 37.9 2738 7.3 64.2 37.7 
18 1117 14.7 1108 3.8 13.3 1031 76.4 2858 38.0 2727 7.0 63.7 37.8 
30 1014 10.5 1006 3.0 9.2 931. 66.1 2377 30.3 2246 6.7 58.7 30.1 
Table 0-4 R410A AlC only - refrigerant-side parameters 
83 
# Qea Qer QeB Qeavg Qsen Qea to Qeavg Qer to Qeavg QeB to Qeavg 
(kW) (kW) (kW) (kW) (kW) %diff. %diff. %diff. 
1 11.1 11.0 11.0 11.0 8.5 0.66 -0.06 -0.60 
2 10.7 10.7 10.6 10.7 8.3 0.53 -0.03 -0.50 
35 11.3 10.9 10.7 11.0 8.5 2.67 -0.52 -2.16 
55 10.6 10.5 10.3 10.5 8.4 1.21 0.45 -1.66 
6 10.0 10.1 9.9 10.0 8.3 -0.21 0.81 -0.60 
75 9.3 - 9.2 9.2 7.9 0.33 - -0.33 
8 10.3 10.4 10.2 10.3 8.5 -0.03 0.84 -0.81 
9 9.7 
-
9.9 9.8 8.4 -0.69 - 0.69 
10 10.5 10.4 10.3 10.4 8.6 0.93 0.16 -1.09 
11 10.2 10.3 10.2 10.2 8.5 -0.16 0.72 -0.55 
12 10.0 10.1 10.0 10.0 8.4 -0.40 0.89 -0.49 
13 9.8 
-
9.8 9.8 8.3 0.04 - -0.04 
14 11.0 11.0 10.8 10.9 6.2 0.52 0.61 -1.13 
15 10.7 10.7 10.4 10.6 5.9 0.88 0.79 -1.67 
16 10.8 10.8 10.7 10.7 7.2 0.12 0.50 -0.62 
18 10.5 10.6 10.5 10.6 7.9 -0.38 0.85 -0.47 
3D 10.4 10.5 10.6 10.5 10.6 -1.11 -0.16 1.27 
Table G-5 R410A AlC only - comparison of calculated indoor coil capacities 
# Qca Qcr QcB QCavg Qca to QCavg Qcrto QCavg QcB to QCavg 
(kW) (kW) (kW) (kW) %diff. %diff. %diff. 
1 14.1 14.0 13.7 13.9 1.32 0.31 -1.63 
2 13.6 13.9 13.6 13.7 -0.61 1.44 -0.83 
35 12.6 13.1 * 13.0 -2.94 0.82 * 
55 12.8 13.1 13.3 13.1 -1.96 0.25 1.71 
6 13.0 13.0 13.0 13.0 -0.10 -0.03 0.13 
75 12.3 12.8 12.4 12.5 -1.52 2.08 -0.56 
8 12.6 12.8 13.3 12.9 -2.23 -0.83 3.06 
9 12.7 12.7 12.1 12.5 1.79 1.47 -3.25 
10 11.8 12.3 * 12.1 -1.74 2.41 * 
11 12.2 12.4 12.7 12.4 -1.90 -0.46 2.36 
12 12.2 12.4 12.5 12.4 -1.13 -0.16 1.29 
13 12.2 12.3 12.2 12.3 -0.11 0.38 -0.27 
14 13.8 13.6 12.8 13.4 2.98 1.56 -4.54 
15 12.8 13.0 13.2 13.0 -1.43 -0.05 1.49 
16 13.5 13.4 12.7 13.2 2.07 1.92 -4.00 
18 13.3 13.3 12.6 13.1 2.04 1.58 -3.62 
3D 12.9 12.7 * 12.6 2.56 0.66 * 
* -Outdoor chamber door was open during testing 
Table G-6 R410A AlC only - comparison of calculated outdoor coil capacities 
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# Qeavg 
(kW) 
1 11.05 
2 10.67 
35 10.97 
55 10.46 
6 10.00 
75 9.22 
8 10.32 
9 9.82 
10 10.39 
11 10.25 
12 10.04 
13 9.81 
14 10.93 
15 10.58 
16 10.75 
18 10.55 
3D 10.50 
Table G-7 
capacity 
# Data 
File 
55 R1218 
55 R0107 
35 R0108 
35 R0110 
QCavg wtot COP Wcomp Qeavg + Wcomp Deviation 
(kW) (kW) (kW) (kW) (%) 
13.92 3.14 3.76 2.93 13.98 -0.45 
13.67 3.43 3.3 3.23 13.90 -1.63 
13.02 2.45 4.9 2.24 13.20 -1.37 
13.10 2.84 3.97 2.64 13.10 -0.01 
13.01 3.09 3.47 2.88 12.88 1.04 
12.50 3.59 2.73 3.38 12.60 -0.81 
12.87 2.57 4.37 2.36 12.69 1.42 
12.50 2.82 3.76 2.61 12.43 0.54 
12.05 2.16 5.31 1.96 12.35 -2.43 
12.43 2.28 4.93 2.08 12.32 0.84 
12.37 2.42 4.54 2.21 12.25 0.98 
12.25 2.56 4.17 2.35 12.16 0.75 
13.43 2.87 4.1 2.67 13.60 -1.24 
13.02 2.58 4.46 2.37 12.95 0.52 
13.18 2.86 4.05 2.65 13.40 -1.63 
13.06 2.85 3.99 2.64 13.19 -0.95 
12.61 2.41 4.76 2.20 12.70 -0.73 
. R410A Ale only - companson between compressor power, mdoor and outdoor 
Qea Qer QeB Qeavg Qsen (kW) wtot (kW) 
(kW) (kW) (kW) (kW) 
10.58 10.48 10.29 10.45 8.396 2.842 
10.23 10.45 10.21 10.3 8.325 2.826 
1.46% 0.85% 0.57% 
11.21 11.43 11.24 11.29 8.765 2.478 
11.35 11.43 11.29 11.36 8.823 2.484 
-0.62% -0.66% -0.24% 
Table G-8 R410A Ale only - repeatability of points 58 and 38 
Charge Qea Qer(k QeB Qeavg DTsup DTsub Pero Pcri wtot COP 
(kg) (kW) W) (kW) (kW) (C) (C) (kPa) (kPa) (kW) 
2.02 9.44 9.53 9.38 9.45 9.7 2.8 944.7 2294 2.35 4.02 
2.30 10.56 10.27 10.13 10.32 6.6 5.9 998 2368 2.41 4.29 
2.50 11.26 10.93 10.73 10.97 4.6 8.0 1044 2424 2.45 4.49 
2.57 10.82 10.97 10.74 10.84 4.8 7.7 1043 2412 2.44 4.45 
2.65 10.89 11.19 10.86 10.98 3.9 8.4 1061 2443 2.46 4.46 
2.76 11.21 11.43 11.24 11.29 3.1 9.2 1077 2465 2.48 4.56 
Table G-9 R410A Ale only - effect of refrigerant charge amount at condition 38 
Charge Qea Qer(k QeB Qeavg DTsup DTsub Pero Pcri wtot COP 
(kg) (kW) W) (kW) (kW) (C) (C) (kPa) (kPa) (kW) 
2.02 9.04 9.17 8.98 9.06 7.9 1.7 1002 2717 2.74 3.30 
2.30 10.12 9.92 9.76 9.93 5.1 4:9 1056 2790 2.80 3.55 
2.50 10.58 10.48 10.29 10.45 2.9 6.9 1099 2848 2.84 3.68 
2.57 10.38 10.55 10.28 10.40 2.9 6.8 1098 2837 2.84 3.67 
2.65 10.39 10.75 10.49 10.54 1.8 7.6 1115 2875 2.87 3.67 
2.76 10.56 10.66 10.61 0.0 8.3 1125 2901 2.89 3.67 
Table G-IO R410A Ale only - effect of refrigerant charge amount at condition 58 
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G.2 R410A Ale & HIP System 
# Data File Teai Tdp AF~ndoor Rhe Tcai AFRoutdoor 
(C) (C) (m3/s) (%) (C) (m3/s) 
1 990505 1 1 32.4 20.6 0.57 49.9 39.0 1.43 
2 990505 2 1 32.2 20.4 0.57 50.0 43.5 1.43 
35 990505 35 1 26.6 15.7 0.56 51.2 27.8 1.43 
55 990505 55 1 26.7 15.7 0.56 50.9 35.0 1.42 
3D 990504 3Dh 2 26.8 10.2 0.56 35.3 27.8 1.43 
Table 0-11 R410A Ale & HIP - general test parameters 
# Teao Ten1 Ten2 Ts Tw DG Open Patm 
(C) (C) (C) (C) (C) (kg/s) CPa) (kPa) 
1 19.1 19.1 18.8 98.6 21.4 0.00094 207 98.4 
2 19.2 19.1 18.9 98.5 21.6 0.00079 207 98.4 
35 13.7 13.6 13.3 98.6 16.4 0.00095 207 98.4 
55 14.1 14.0 13.7 98.5 18.3 0.00077 207 98.4 
3D 12.0 12.2 11.7 26.4 27.6 0.00000 207 98.4 
Table 0-12 R410A Ale & HIP - indoor air-side properties 
# Tcao Tcn1 Tcn2 Tcn3 DPcn Mg Tcgi Tcgo 
(C) (C) (C) (C) CPa) (g/s) (C) (C) 
1 48.0 48.0 48.0 . 48.1 204.9 399.2 9.2 25.5 
2 52.2 52.1 52.2 52.3 202.4 355.1 10.4 29.5 
35 36.2 36.2 36.2 36.3 210.7 869.8 5.2 12.3 
55 43.2 43.1 43.2 43.2 202.9 399.4 7.3 22.0 
3D 35.6 35.8 35.5 35.5 210.7 840.9 3.3 10.9 
Table 0-13 R410A Ale & HIP - outdoor air-side and glycol properties 
# Peri Tero Pero DTsup Trcpi Prcpi Tcri Pcri Tcro Pcro DTsub Mr 
(kPa) (C) (kPa) (C) (C) (kPa) (C) (kPa) (C) (kPa) (C) (g/s) 
1 1591 18.1 1249 3.1 17.9 1196 72.0 3076 45.3 2988 3.7 73.9 
2 1649 18.2 1267 2.7 18.1 1216 78.6 3361 49.7 3281 3.3 74.2 
35 1301 12.7 1071 3.0 12.6 1024 56.3 2353 32.9 2267 4.4 64.3 
55 1385 13.0 1100 2.4 12.9 1053 67.2 2755 40.1 2679 4.2 65.1 
3D 1211 9.3 994 2.1 9.7 948 57.3 2309 31.9 2237 5.0 59.2 
Table 0-14 R410A Ale & HIP - refrigerant-side parameters 
-
# Qea Qer QeB Qeavg Qsen Qea to Qeavg Qerto Qeavg QeB to Qeavg 
(kW) (kW) (kW) (kW) (kW) %diff. %diff. %diff. 
1 11.55 11.32 11.25 11.37 8.81 1.6 -0.5 -1.1 
2 10.98 10.66 10.6 10.75 8.56 2.2 -0.8 -1.4 
35 11.38 11.22 11.14 11.25 8.66 1.2 -0.2 -0.9 
55 10.73 10.49 10.34 10.52 8.35 2.0 -0.3 -1.7 
3D 10.19 10.32 10.52 10.34 10.52 -1.5 -0.2 1.7 
.. Table 0-15 R410A Ale & HIP - comparison of calculated indoor coIl capacIties 
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# Qca Qcr QcB QCavg Qea to Qeavg Qerto Qeavg QeB to Qeavg 
(kW) (kW) (kW) (kW) %diff. %diff. %diff. 
1 14.17 13.68 14.33 14.06 0.8 -2.7 1.9 
2 13.56 13.39 13.48 13.48 0.6 -0.6 0.0 
38 13.62 12.84 14.09 13.52 0.8 -5.0 4.2 
58 12.83 12.62 12.79 12.75 0.7 -1.0 0.3 
3D 12.60 12.05 13.69 12.78 -1.4 -5.7 7.1 
Table G-16 R4I0A AlC & HIP - comparison of calculated outdoor coil capacities 
# Qeavg QCavg wtot COP Wcomp Qeavg + Wcomp Deviation 
(kW) (kW) (kW) (kW) (kW) (%) 
1 11.37 . 14.06 3.01 4.11 2.74 14.11 -0.4 
2 10.75 13.48 3.32 3.48 3.05 13.80 -2.3 
38 11.25 13.52 2.33 5.42 2.06 13.31 1.6 
58 10.52 12.75 2.72 4.22 2.45 12.97 -1.7 
3D 10.34 12.78 2.72 5.14 2.05 12.39 3.1 
Table G-17 R4I0A AlC & HIP - comparison between compressor power, indoor and outdoor 
capacity 
G.3 R744 System Results 
Tabular table is presented below for the following R744 systems: 
Testing Dates Description 
System 1 Jan. 28, 1999- Three slab evaporator without controlled flash gas bypass. 
Feb. 4, 1999 Two 1.0 m suction line heat exchangers installed in parallel 
System 2 March 11, 1999- Single slab evaporator with controlled flash gas bypass. Two 
March 18, 1999 1.0 m suction line heat exchangers installed in parallel 
System 3 March 30, 1999 - Three slab evaporator with controlled flash gas bypass. Two 
April 6, 1999 1.0 m suction line heat exchangers installed in parallel 
System 4 April 9, 1999- Three slab evaporator with controlled flash gas bypass. Two 
April 12, 1999 2.0 m suction line heat exchangers installed inparallel. No 
oil separator used. 
Table G-18 Description ofR744 system modifications 
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G.3.1 System 1 
1.0. Data File Point Teai Tdp AF~ndoor Rhe Tcai AFRoutdoor Comp 
# (C) (C) (m3/s) (%) (C) (m3/s) RPM 
1 980128 -55 1450rpm 10393 58 26.4 15.5 0.57 51.3 34.8 1.31 1275 
2 980128 55 1500rpm 9893 58 26.2 15.6 0.57 52.0 34.8 1.31 1319 
3 980129 55 1500rpm 10026 58 26.4 15.5 0.56 51.1 34.7 1.35 1319 
4 980128 55 1500rpm 10028 58 26.4 15.6 0.57 51.4 34.8 1.31 1319 
5 980130 55 1500rpm 10133 58 26.5 15.7 0.56 51.7 35.3 1.31 1319 
6 980128 55 1500rpm 10242 58 26.3 15.5 0.57 51.5 34.8 1.31 1319 
7 980130 55 1500rpm 10316 58 26.5 15.7 0.56 51.6 34.9 1.56 1319 
8 980130 55 1500rpm 10327 58 26.4 15.7 0.56 51.6 35.5 1.31 1319 
9 980130 55 1500rpm 10449 58 26.5 15.7 0.56 51.5 35.1 1.31 1319 
10 980130 55 1500lQm 10587 58 26.5 15.7 0.56 51.5 35.0 1.31 1319 
11 980130 55 1500rpm 10789 58 26.5 15.7 0.56 51.5 35.0 1.33 1319 
12 990204 55V 1350rpm 10431 58V 26.4 15.5 0.64 51.3 34.7 1.47 1187 
13 990204 55V 1350rpm 11009 58V 26.4 15.5 0.64 51.2 34.8 1.31 1187 
14 990204 55V 1350rpm 11415 58V 26.5 15.5 0.64 51.1 34.9 1.32 1187 
15 990202 55V 1400rpm 10059 58V 26.7 15.8 0.63 51.1 34.9 1.30 1231 
16 990202 55V 1400rpm 10237 58V 26.4 15.7 0.63 51.7 35.0 1.30 1231 
17 990202 55V 1400rpm 10396 58V 26.5 15.7 0.63 51.6 34.9 1.30 1231 
18 990202 55V 1400rpm 10444 58V 26.6 15.7 0.63 51.3 34.8 1.30 1231 
19 990202 55V 1400rpm 10504 58V 26.8 15.8 0.63 51.1 34.6 1.31 1231 
20 990202 55V 1400rpm 10846 58V 26.8 15.8 0.63 51.0 34.8 1.31 1231 
21 990202 55V 1400rpm 11045 58V 26.6 15.7 0.63 51.4 34.7 1.30 1231 
22 990202 55V 1400rpm 11534 58V 26.6 15.7 0.63 51.3 34.8 1.31 1231 
23 990202 55V 1450rpm 9882 58V 26.6 15.6 0.63 50.9 34.9 1.31 1275 
24 990202 55V 1450rpm 10170 58V 26.7 15.6 0.63 50.8 35.2 1.30 1275 
25 990202 55V 1450rpm 10251 58V 26.7 15.6 0.63 50.8 35.1 1.31 1275 
26 990202 55V 1450rpm 10292 58V 26.7 15.6 0.63 50.8 35.1 1.31 1275 
27 990202 55V 1450IPm 10342 58V 26.6 15.7 0.63 51.0 34.7 1.31 1275 
28 990202 55V 1450rpm 10557 58V 26.5 15.6 0.63 51.1 34.8 1.31 1275 
29 990202 55V 1450rpm 10721 58V 26.6 15.7 0.63 51.0 34.6 1.31 1275 
30 990202 55V 1450rpm 11088 58V 26.5 15.6 0.63 51.0 35.0 1.31 1275 
Table G-19 System 1 - general test parameters 
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1.0. Ten 1 Ten2 Open Tcn1 Tcn2 Tcn3 OPcn OG 
# (C) (C) (Pa) (C) (C) (C) (Pa) (kg/s) 
1 13.6 15.5 211.9 43.6 43.1 43.0 208.5 0.00107 
2 14.1 14.5 212.4 43.7 43.2 43.1 208.4 0.00098 
3 13.5 13.5 205.9 43.5 43.1 42.9 219.9 0.00101 
4 14.1 14.8 212.0 43.8 43.3 43.2 208.4 0.00103 
5 13.6 15.0 205.3 44.3 43.8 43.6 208.5 0.00103 
6 13.7 15.0 211.9 43.8 43.4 43.3 208.5 0.00108 
7 13.3 14.8 205.2 44.2 43.6 43.5 295.6 0.00109 
8 13.2 15.6 205.2 44.6 44.0 43.9 209.6 0.00108 
9 13.0 15.6 205.0 44.4 43.8 43.6 209.2 0.00112 
10 12.9 15.2 205.1 44.3 43.7 43.5 209.0 0.00112 
11 13.0 15.4 205.0 44.4 43.8 43.6 214.0 0.00116 
12 14.3 15.1 265.8 43.2 42.9 42.6 263.2 0.00081 
13 14.0 15.3 265.2 43.4 43.0 42.7 209.2 0.00086 
14 14.0 16.0 265.1 43.7 43.1 42.9 210.0 0.00090 
15 12.4 13.3 257.4 44.3 41.9 41.0 205.1 0.00082 
16 14.4 15.1 257.5 44.1 43.5 43.3 205.1 0.00085 
17 13.5 147 257.3 44.3 43.0 42.6 205.7 0.00090 
18 12.1 13.9 257.5 44.5 42.2 41.3 205.7 0.00090 
19 12.2 13.7 257.5 44.4 41.7 40.8 206.5 0.00093 
20 12.0 14.1 257.8 44.7 42.0 41.0 206.1 0.00095 
21 12.1 14.2 257.2 44.7 42.1 41.1 205.1 0.00100 
22 11.7 14.0 257.3 44.9 42.3 41.2 205.9 0.00097 
23 12.9 13.3 260.2 44.1 42.0 41.1 206.1 0.00079 
24 12.3 13.1 260.0 44.6 42.4 41.5 205.7 0.00085 
25 12.3 13.0 260.1 44.7 42.4 41.4 206.1 0.00088 
26 12.5 13.1 260.0 44.6 42.4 41.5 206.3 0.00090 
27 12.1 14.2 259.7 44.3 42.3 41.4 206.6 0.00096 
28 12.2 13.7 260.1 44.6 42.6 41.8 207.1 0.00095 
29 12.1 13.7 259.6 44.5 42.3 41.4 207.0 0.00100 --
30 12.2 14.0 260.0 44.8 42.8 41.9 206.6 0.00099 
. . Table G-20 System 1 - au-side properties 
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1.0. Mr Peri Terie Teroe TeriM TeroM TeriT Te~ Pero 
# (g/s) . (kPa) (C) (C) (C) (C) (C) (C) (kPa) 
1 69.7 4461 9.3 9.6 9.4 9.7 9.5 9.8 4414 
2 78.2 4556 10.0 10.2 10.0 10.2 10.4 10.4 4510 
3 77.1 4517 10.0 10.1 10.0 10.2 10.0 10.0 4472 
4 75.7 4517 9.8 10.0 9.9 10.0 10.0 10.0 4469 
5 72.5 4487 9.3 9.6 9.3 9.6 9.8 10.0 4436 
6 72.8 4472 9.4 9.6 9.5 9.7 9.6 9.7 4423 
7 73.0 4492 9.4 9.6 9.4 9.6 9.9 9.6 4442 
8 70.5 4456 9.0 9.3 9.0 9.3 9.5 9.3 4402 
9 69.5 4429 8.8 9.1 8.9 9.4 9.3 10.0 4379 
10 70.7 4454 9.0 9.3 9.1 9.3 9.5 9.3 4401 
11 69.4 4433 8.9 9.3 8.9 9.2 9.3 9.1 4381 
12 70.9 4626 10.9 11.2 11.0 11.2 11.0 11.3 4587 
13 67.2 4584 10.5 10.8 10.6 10.9 10.5 10.7 4542 
14 65.5 4563 10.3 . 10.8 10.4 12.4 10.4 10.5 4522 
15 75.2 4647 10.8 11.2 10.7 11.1 11.2 11.1 4602 
16 72.9 4617 10.4 10.6 10.4 10.6 11.0 10.8 4572 
17 71.4 4595 10.2 10.5 10.2 10.4 10.8 10.6 4549 
18 70.7 4581 10.0 10.6 10.0 10.5 10.6 10.5 4534 
19 70.5 4581 10.1 10.7 10.2 10.6 10.6 10.5 4534 
20 68.4 4551 9.8 11.9 9.9 10.4 10.4 10.2 4504 
21 66.6 4518 9.4 11.8 9.4 11.9 10.0 11.3 4476 
22 67.3 4547 9.7 10.4 9.7 10.6 10.3 10.2 4503 
23 81.5 4671 11.4 11.7 11.3 11.7 11.4 11.6 4630 
24 77.9 4637 11.0 11.4 11.0 11.4 11.1 10.9 4591 
25 76.6 4615 10.8 11.2 10.8 11.2 10.9 11.2 4573 
26 75.9 4607 10.7 11.1 10.7 11.1 10.8 11.2 4565 
27 72.3 4560 10.1 10.5 10.2 10.6 10.4 10.2 4510 
28 72.8 4567 10.3 10.7 10.4 10.7 10.5 10.6 4522 
29 71.7 4552 10.1 10.5 10.2 10.6 10.4 10.2 ·4503 
30 69.2 4518 9.8 10.5 9.9 10.3 10.1 10.1 4472 
Table 0-21 System 1 - indoor coli refrigerant propertIes 
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1.0. Tslri Tslro Prepi Trcpi Prepo Trepo Peri Tcri Pero Tcro Tori 
# (C) . (C) (kPa) (C) (kPa) (C) (kPa) (C) (C) (C) (kPa) 
1 9.0 22.0 4302 20.3 10395 99.6 10308 95.0 10195 37.2 29.3 
2 9.3 17.1 4380 15.6 9893 88.9 9764 84.9 9612 38.2 30.1 
3 9.4 16.7 4346 14.7 10026 90.2 9909 86.2 9766 37.6 29.0 
4 9.2 18.8 4343 17.1 10028 92.6 9914 88.4 9774 37.8 29.6 
5 8.8 21.6 4319 20.2 10133 98.2 10032 93.6 9905 38.1 30.4 
6 9.0 20.8 4303 19.0 10242 97.5 10145 93.1 10019 37.6 29.4 
7 8.8 20.5 4321 19.1 10316 98.3 10220 93.8 10095 37.7 29.1 
8 8.5 22.7 4290 21.5 10327 102.0 10240 97.1 10125 38.1 30.3 
9 8.8 23.3 4270 22.1 10449 104.0 10372 99.0 10264 37.6 30.0 
10 8.5 21.8 4288 20.4 10587 102.7 10503 97.9 10390 37.5 29.1 
11 8.4 22.6 4273 21.2 10789 105.8 10716 100.8 10612 37.4 29.0 
12 10.5 19.8 4482 18.2 10431 93.4 10343 89.3 10230 37.0 28.3 
13 10.3 22.3 4445 20.9 11009 102.0 10955 97.3 10859 36.7 28.2 
14 10.6 23.3 4430 21.9 11415 106.7 11372 101.8 11285 36.7 28.4 
15 10.1 18.0 4487 17.4 10059 89.7 9953 85.3 9814 37.8 29.7 
16 9.8 19.7 4462 18.7 10237 93.4 10145 89.3 10020 37.9 29.5 
17 9.6 20.5 4441 19.8 10396 96.4 10316 91.9 10198 37.6 29.3 
18 9.5 20.9 4427 20.5 10444 97.8 10370 92.9 10253 37.4 29.3 
19 9.6 21.2 4426 20.8 10504 98.4 10417 93.4 10301 37.1 29.1 
20 9.4 22.4 4403 22.1 10846 103.2 10770 98.0 10666 37.0 29.0 
21 10.3 23.4 4377 23.2 11045 106.8 10981 101.3 10886 37.0 29.3 
22 9.3 22.2 4405 21.9 11534 108.5 11474 103.1 11379 36.9 28.4 
23 10.7 14.8 4501 13.4 9882 83.6 9749 79.7 9586 38.1 29.9 
24 10.4 17.1 4469 15.8 10170 89.7 10056 85.4 9912 38.0 29.4 
25 10.2 17.9 4453 16.7 10251 91.8 10145 87.4 10009 37.9 29.2 
26 10.1 18.4 4447 17.3 10292 93.0 10191 88.5 10057 37.8 29.1 
27 9.7 21.5 4397 20.5 10342 98.0 10250 93.2 10129 37.3 29.3 
28 9.8 20.6 4409 19.5 10557 98.5 10474 93.8 10355 37.4 28.7 
29 9.6 21.0 4392 20.1 10721 100.8 10645 95.8 10530 37.1 28.4 
30 10.2 20.1 4368 21.7 11088 106.4 11029 101.2 10927 37.2 28.8 
Table G-22 System 1 - refrigerant properties 
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1.0. Qea Qer QeB Qsen Qeavg System Qea to Qeavg Qerto Qeavg QeB to Qeavg 
# (kW) (kW) (kW) (kW) (kW) COP (% diff.) (% diff.) (% diff.) 
1 10.87 10.94 10.49 7.69 10.77 2.79 1.0 1.6 -2.6 
2 10.69 11.75 10.20 7.65 10.88 2.83 -1.7 8.0 -6.3 
3 11.34 12.00 10.34 7.70 11.23 2.85 1.0 6.9 -7.9 
4 10.85 11.60 10.42 7.73 10.96 2.83 -1.0 5.9 -4.9 
5 10.89 11.00 10.28 7.61 10.72 2.75 1.6 2.6. -4.1 
6 10.97 11.32 10.57 7.77 10.95 2.79 0.2 3.3 -3.5 
7 11.21 11.38 10.60 7.77 11.06 2.78 1.3 2.9 -4.2 
8 10.91 10.78 10.46 7.65 10.72 2.73 1.8 0.6 -2.4 
9 11.11 10.80 10.59 7.67 10.83 2.72 2.6 -0.3 -2.2 
10 11.24 11.14 10.69 7.78 11.02 2.71 2.0 1.1 -3.0 
11 11.24 11.03 10.78 7.77 11.02 2.68 2.0 0.1 -2.1 
12 11.08 11.24 10.29 8.19 10.87 2.97 1.9 3.4 -5.3 
13 11.25 10.81 10.45 8.22 10.84 2.82 3.8 -0.2 -3.6 
14 11.11 10.67 10.55 8.21 10.78 2.73 3.1 -1.0 -2.1 
15 12.70 11.43 10.17 8.04 11.43 2.95 11.1 0.0 -11.0 
16 11.03 11.16 10.27 8.06 10.82 2.92 1.9 3.1 -5.1 
17 11.72 11.05 10.42 8.08 11.06 2.89 5.9 -0.1 -5.8 
18 12.66 10.99 10.43 8.08 11.36 2.86 11.4 -3.3 -8.2 
19 12.92 11.02 10.57 8.15 11.50 2.88 12.3 -4.2 -8.1 
20 12.89 10.88 10.60 8.11 11.46 2.78 12.5 -5.0 -7.5 
21 12.77 10.77 10.64 8.05 11.39 2.73 12.1 -5.5 -6.6 
22 12.94 10.89 10.69 8.18 11.51 2.64 12.5 -5.4 -7.1 
23 12.40 12.28 10.01 7.97 11.56 2.92 7.2 6.2 -13.4 
24 12.89 11.99 10.30 8.09 11.73 2.87 9.9 2.2 -12.2 
25 12.98 11.90 10.42 8.12 11.77 2.87 10.3 1.1 -11.4 
26 12.93 11.84 10.45 8.12 11.74 2.86 10.1 0.9 -11.0 
27 12.74 11.25 10.67 8.17 11.55 2.87 10.3 -2.6 -7.6 
28 12.82 11.51 10.68 8.21 11.67 2.81 9.9 -1.4 -8.5 
29 13.09 11.45 10.86 8.26 11.80 2.80 10.9 -3.0 - -8.0 
30 12.81 11.10 10.84 8.28 11.58 2.70 10.6 -4.2 -6.4 
Table G-23 System 1 - evaporator capacity comparison 
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G.3.2 System 2 
I.D. Data File Point Teai Tdp AFRindoor Rhe Tcai AFRoutdoor Camp 
# (C) (C) (m3/s) (%) (C) (m3/s) RPM 
31 990312 3D 600rpm 7540 3D 26.5 -1.3 0.56 15.8 27.5 1.34 527 
32 990312 3D 700rpm 7438 3D 26.5 -1.3 0.56 15.8 27.8 1.33 615 
33 990312 3D 700rpm 7562 3D 26.4 -1.3 0.56 16.0 27.7 1.33 615 
34 990312 3D 700rpm 7714 3D 26.4 -1.2 0.56 16.0 27.6 1.33 615 
35 990311 3D 800rpm 7524 3D 26.4 -2.0 0.56 15.0 27.7 1.34 703 
36 990311 3D 800rpm 7671 3D 26.4 -1.9 0.56 15.1 27.7 1.34 703 
37 990311 3D 800rpm 7789 3D 26.5 -2.0 0.56 14.9 27.8 1.34 703 
38 990311 3D 800rom 7920 3D 26.4 -2.3 0.56 14.7 27.6 1.34 703 
39 990311 3D 800rpm 8111 3D 26.4 -2.2 0.56 14.8 27.9 1.34 703 
40 990311 3D 900rpm 7476 3D 26.4 -1.9 0.56 15.2 27.3 1.33 791 
41 990311 3D 900rpm 7629 3D 26.4 -2.2 0.56 14.7 27.1 1.33 791 
42 990311 3D 900rpm 7827 3D 26.4 -2.5 0.56 14.4 27.2 1.33 791 
43 990311 3D 900rom 8084 3D 26.5 -2.5 0.56 14.3 27.4 1.33 791 
44 990315 3DV 600rpm 7466 3DV 26.6 -2.0 0.63 14.9 27.9 1.49 527 
45 990315 3DV 700rom 7498 3DV 26.5 -2.0 0.62 15.0 27.6 1.49 615 
46 990315 3DV 700rpm 7545 3DV 26.5 -2.2 0.62 14.7 27.7 1.49 615 
47 990315 3DV 700rom 7566 3DV 26.5 -2.5 0.62 14.3 27.8 1.49 615 
48 990315 3DP 700rpm 7560 3DP 26.4 -1.8 0.68 15.2 27.6 1.62 615 
49 990316 38 700rpm 7479 38 26.5 15.6 '0.56 51.1 27.4 1.32 615 
50 990316 38 700rpm 7692 38 26.5 15.4 0.56 50.4 27.3 1.32 615 
51 990316 58 700rpm 8213 58 26.4 16.3 0.56 53.9 34.7 1.31 615 
52 990316 58 700rpm 8472 58 26.5 15.5 0.56 51.1 34.7 1.31 615 
53 990316 58 700rpm 8792 58 26.5 15.5 0.56 50.8 34.9 1.28 615 
54 990318 58 700rpm 9004 58 26.5 15.5 0.56 50.9 35.1 1.32 615 
55 990318 58 700rpm 9229 58 26.5 15.4 0.56 50.4 35.1 1.32 615 
56 990318 58V 700rpm 8953 58V 26.5 15.4 0.63 50.5 34.9 1.32 615 
57 990318 58V 700rpm 9305 58V 26.5 15.4 0.63 50.4 35.1 1.32 615 
Table G-24 System 2 - general test parameters 
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1.0. Ten1 Ten2 Open Tcn1 Tcn2 Tcn3 DPcn DG 
# (C) (C) (Pa) (C) (C) (C) (Pa) (kg/s) 
31 19.1 19.1 209.7 31.4 31.3 31.3 206.B 0.00000 
32 19.1 19.1 209.4 31.9 31.B 31.9 207.3 0.00000 
33 1B.4 1B.5 209.3 32.1 32.0 32.0 206.4 0.00000 
34 1B.2 1B.5 209.0 32.1 32.0 32.0 206.7 0.00000 
35 1B.6 1B.5 211.1 32.3 32.2 32.2 206.7 0.00000 
36 1B.1 17.9 210.B 32.5 32.4 32.4 206.4 0.00000 
37 17.9 17.B 210.4 32.B 32.6 32.6 206.4 0.00000 
3B 17.B 1B.0 210.5 32.5 32.4 32.4 206.6 0.00000 
39 17.9 17.9 210.6 32.9 32.7 32.7 207.1 0.00000 
40 1B.9 1B.6 20B.3 32.2 32.0 32.0 207.2 0.00000 
41 17.9 17.9 20B.1 32.3 32.1 32.1 207.7 0.00000 
42 17.4 17.4 207.9 32.5 32.4 32.4 207.2 0.00000 
43 17.5 17.7 210.0 32.9 32.7 32.7 207.0 0.00000 
44 19.9 20.3 261.6 31.6 31.5 31.5 204.7 0.00000 
45 19.3 19.7 260.6 31.7 31.7 31.6 205.1 0.00000 
46 19.5 19.7 260.7 31.B 31.B 31.7 205.2 0.00000 
47 19.2 19.7 261.0 32.1 32.0 31.9 205.3 0.00000 
4B 19.B 20.1 310.1 31.9 31.9 31.B 204.B 0.00000 
49 19.4 19.5 20B.B 31.7 31.6 31.5 203.5 0.00030 
50 19.0 19.0 20B.6 31.7 31.6 31.4 204.2 0.00047 
51 20.3 20.4 20B.6 37.9 37.7 37.5 203.6 O.OOOOB 
52 19.7 19.6 20B.6 3B.3 3B.2 3B.0 204.5 0.00012 
53 19.4 19.6 20B.7 3B.9 38.7 3B.5 196.4 0.00021 
54 20.0 19.7 211.6 39.1 38.8 38.5 207.3 0.00029 
55 19.5 19.6 211.4 39.2 38.9 38.6 207.1 0.00030 
56 20.0 20.2 263.1 39.2 38.9 38.7 206.9 0.00021 
57 20.0 20.3 263.4 39.1 3B.8 38.5 207.1 0.00027 
Table G-25 System 2 - air properties 
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1.0. Mr Peri Teri Pero TeroL TeroR 
# (g/s) (kPa) (C) (kPa) (C) (C) 
31 35.5 4677 11.5 4665 11.8 11.4 
32 40.0 4607 10.9 4594 11.3 10.8 
33 39.3 4531 10.2 4516 10.3 10.1 
34 38.2 4479 9.7 4464 10.6 9.6 
35 42.8 4388 8.9 4373 9.1 8.8 
36 47.1 4434 9.3 4410 9.3 9.2 
37 44.5 4366 8.7 4344 8.7 8.6 
38 41.5 4283 7.9 4263 7.9 7.8 
39 41.1 4283 8.0 4264 7.9 7.9 
40 45.2 4226 7.4 4210 7.5 7.3 
41 43.3 4112 6.3 4093 6.4 6.2 
42 44.3 4135 6.5 4112 6.6 6.4 
43 43.0 4117 6.4 4096 6.5 6.2 
44 37.2 4757 12.3 4744 12.4 12.2 
45 39.8 4543 10.3 4529 10.8 10.2 
46 39.3 4509 10.0 4496 10.7 9.9 
47 39.6 4537 10.4 4524 11.2 10.2 
48 40.4 4586 10.7 4571 11.1 10.6 
49 39.8 4547 10.4 4533 10.8 10.2 
50 39.5 4504 9.9 4488 10.4 9.8 
51 43.7 4970 13.9 4964 14.4 13.9 
52 42.2 4800 12.5 4788 13.0 12.4 
53 41.1 4739 12.0 4721 12.5 11.9 
54 37.8 4674 11.4 4664 12.1 11.4 
55 37.3 4659 11.3 4648 12.0 11.2 
56 38.7 4736 12.1 4724 12.2 12.0 
57 37.4 4680 11.5 4669 14.1 11.4 
Table G-26 System 2 - indoor coil refrigerant propertIes 
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1.0. Tslri Tslro Prepi Trepi Prepo Peri Teri Pero Tero Tori 
# (C) . (C) (kPa) (C) (kPa) (kPa) (C) (C) (C) (kPa) 
31 11.4 21.6 4640 21.5 7540 7577 57.6 7554 29.2 24.7 
32 10.7 23.3 4561 23.2 7438 7460 60.1 7431 30.6 27.5 
33 10.0 21.3 4483 21.2 7562 7588 60.6 7558 30.0 25.2 
34 9.6 20.9 4433 20.8 7714 7749 62.6 7724 29.4 24.2 
35 8.7 21.3 4330 20.7 7524 7529 62.7 7483 30.7 26.8 
36 8.9 11.6 4363 12.2 7671 7667 55.8 7609 30.7 23.4 
37 8.3 14.4 4300 14.3 7789 7793 59.9 7744 30.2 22.5 
38 7.6 17.8 4223 17.7 7920 7938 65.2 7901 29.4 22.4 
39 7.6 17.8 4224 17.8 8111 8133 67.1 8097 29.6 22.3 
40 7.1 21.5 4156 21.3 7476 7467 65.7 7412 30.6 28.0 
41 6.1 19.6 4044 19.2 7629 7632 67.5 7589 29.7 24.1 
42 6.2 16.8 4062 16.4 7827 7832 66.8 7788 29.4 22.0 
43 6.1 18.3 4049 17.8 8084 8099 70.8 8061 29.3 22.2 
44 12.2 21.6 4717 21.4 7466 7494 55.0 7464 30.2 26.0 
"45 10.5 21.8 4495 20.9 7498 7518 59.2 7483 30.0 25.7 
46 10.3 21.8 4461 20.8 7545 7563 59.9 7526 30.0 25.8 
47 10.5 21.9 4490 21.1 7566 7582 60.1 7547 30.2 25.8 
48 10.8 21.7 4536 20.8 7560 7577 59.2 7542 29.9 25.5 
49 10.6 22.0 4499 21.1 7479 7498 59.2 7464 29.9 25.7 
50 10.2 20.0 4454 19.0 7692 7716 60.0 7686 29.0 23.3 
51 14.2 26.9 4929 26.0 8213 8227 65.4 8171 35.5 33.7 
52 12.8 22.3 4756 21.4 8472 8494 66.0 8446 35.9 30.7 
53 12.3 21.0 4690 20.1 8792 8824 68.7 8783 36.0 28.4 
54 12.1 26.3 4636 25.6 9004 9046 76.0 9013 36.0 30.2 
55 11.8 25.8 4621 25.2 9229 9275 78.0 9244 35.9 29.4 
56 11.9 25.8 4696 25.8 8953 8996 75.1 8962 36.0 30.1 
57 13.3 26.6 4641 26.0 9305 9351 78.6 9320 35.8 29.8 
Table G-27 System 2 - refrigerant properties 
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1.0. Qea Qe8 Qsen COP 
# (kW) . (kW) (kW) 
31 5.01 5.73 5.73 6.09 
32 5.02 5.94 5.94 5.40 
33 5.42 6.26 6.26 5.45 
34 5.47 6.33 6.34 5.31 
35 5.38 6.50 6.50 4.81 
36 5.74 6.62 6.62 4.85 
37 5.84 6.85 6.85 4.82 
38 5.80 7.04 7.04 4.74 
39 5.80 6.99 6.99 4.55 
40 5.20 6.71 6.71 4.28 
41 5.78 7.23 7.23 4.45 
42 6.11 7.46 7.46 4.45 
43 6.11 7.52 7.51 4.28 
44 4.90 5.67 5.67 6.18 
45 5.31 6.24 6.24 5.51 
46 5.27 6.25 6.25 5.40 
47 5.33 6.29 6.29 5.45 
48 5.32 6.39 6.39 5.61 
49 5.87 5.82 4.73 5.18 
50 6.31 6.13 4.92 5.17 
51 4.35 4.32 4.13 3.48 
52 4.92 4.70 4.40 3.53 
53 5.26 5.11 4.58 3.61 
54 5.30 5.30 4.54 3.56 
55 5.53 5.36 4.59 3.49 
56 5.37 5.48 4.94 3.74 
57 5.56 5.58 4.89 3.59 
Table G-28 System 2 - evaporator capacity and system COP 
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G.3.3 System 3 
1.0. Data File Point Teai Tdp AFRindoor Rhe Tcai AFRoutctoor Camp 
# (C) (C) (m3ts) (%) (C) (m3ts) RPM 
58 990401 35 1200rpm 8559 38 26.8 16.2 0.58 52.3 27.6 1.45 1055 
59 990401 35 1100rpm 8878 38 26.8 16.1 0.58 52.1 27.5 1.45 967 
60 990402 55 1200rpm 9536 58 26.8 15.7 0.58 50.9 35.0 1.43 1055 
61 990406 55 1300rpm 9035 58 26.6 15.8 0.58 51.4 34.9 1.46 1143 
62 990406 55 1300rpm 9130 58 26.5 15.7 0.58 51.5 34.4 1.46 1143 
63 990406 55 1300rpm 9153 58 26.4 15.6 0.58 51.5 34.6 1.46 1143 
64 990402 55 1300rpm 9493 58 26.7 15.8 0.57 51.4 35.3 1.43 1143 
65 990402 55 1300rpm 9833 58 26.7 15.9 0.57 51.4 35.0 1.44 1143 
66 990402 55 1300rpm 10241 58 26.7 15.9 0.57 51.6 34.7 1.44 1143 
67 990405 55 1400rpm 10241 58 26.5 15.3 0.57 50.2 35.1 1.46 1231 
68 990405 55 1400rpm 10507 58 26.5 15.3 0.57 50.3 35.1 1.46 1231 
69 990405 55 1400rpm 10642 58 26.6 15.3 0.58 50.0 37.5 1.45 1231 
70 990405 55 1500rpm 9952 58 26.5 15.5 0.58 51.1 35.0 1.46 1319 
71 990406 55V 1300rpm 9262 58V 26.5 15.7 0.63 51.5 34.9 1.46 1143 
72 990402 55V 1300rpm 10956 58V 26.7 15.8 0.63 51.4 34.7 1.45 1143 
73 990405 55V 1400rpm 10466 58V 26.5 15.3 0.63 50.2 35.0 1.46 1231 
74 990406 55W 1300rpm 9285 58W 26.6 15.8 0.70 51.5 35.0 1.46 1143 
75 990330 3D 900rpm 8157 3D 26.8 0.7 0.58 18.3 27.7 1.45 791 
76 990330 3D 900rpm 8525 3D 26.7 0.5 0.58 18.0 27.9 1.45 791 
77 990331 3D 1100rpm 8358 3D 27.0 5.4 0.57 25.0 27.6 1.44 967 
78 9903313D 1100rpm 8520 3D 26.9 6.1 0.57 26.4 27.5 1.45 967 
79 990331 3D 1100rpm 8934 3D 26.9 6.8 0.57 27.9 27.4 1.45 967 
80 990331 3D 1200rpm 8339 3D 26.8 8.5 0.56 31.5 27.5 1.45 1055 
81 990331 3D 1200rpm 8504 3D 26.8 7.7 0.56 29.8 27.4 1.45 1055 
82 990331 3D 1200rpm 8811 3D 26.8 6.2 0.56 27.0 27.4 1.45 1055 
83 990331 3D 1200rpm 8960 3D 26.8 6.2 0.56 26.9 27.1 1.45 1055 
84 990331 3D 1200rpm 9158 3D 26.8 6.3 0.56 27.1 27.2 1.45 1055 
85 990331 3D 1300rpm 8212 3D 27.0 10.1 0.56 34.8 27.7 1.45 1143 
86 990331 3D 1300rpm 8387 3D 26.8 8.8 0.56 32.0 27.8 1.45 1143 
87 990401 3DV 1100rpm 7969 3DV 26.9 12.3 0.64 40.3 27.1 t.44 967 
88 990401 3DV 1100rpm 8210 3DV 26.8 11.7 0.64 39.0 27.0 1.44 967 
89 990401 3DV 1100rpm 8507 3DV 26.8 11.4 0.64 38.3 26.9 1.45 967 
Table G-29 System 3 - general test parameters 
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1.0. Ten1 Ten2 Open Tcn1 Tcn2 Tcn3 OPcn OG 
# (C) (C) (Pa) (C) (C) (C) (Pa) (kg/s) 
58 15.4 15.0 216.2 35.6 35.4 35.4 215.5 0.00107 
59 15.5 15.1 216.1 35.1 34.9 34.8 217.0 0.00089 
60 15.9 15.7 217.4 42.2 42.0 41.9 206.5 0.00061 
61 16.3 15.9 218.0 41.8 41.6 41.5 214.1 0.00052 
62 16.1 15.5 216.0 41.6 41.5 41.3 214.0 0.00064 
63 15.9 15.5 215.9 41.8 41.7 41.6 214.1 0.00060 
64 15.8 15.5 214.9 42.8 42.6 42.5 206.7 0.00061 
65 15.7 15.1 214.7 43.1 42.8 42.7 207.4 0.00079 
66 15.6 14.9 214.8 43.1 42.7 42.6 207.8 0.00089 
67 15.0 14.5 215.4 43.7 42.5 41.3 213.5 0.00089 
68 15.0 14.4 214.8 44.0 42.5 41.2 213.2 0.00093 
69 15.2 14.9 217.1 46.0 45.2 44.5 209.4 0.00075 
70 15.1 14.5 217.9 43.9 43.7 43.4 213.0 0.00096 
71 16.3 16.0 259.4 42.1 42.0 41.8 213.5 0.00055 
72 15.9 15.4 261.2 43.4 42.9 42.8 210.1 0.00084 
73 15.3 15.1 260.6 43.9 42.5 41.3 213.5 0.00074 
74 16.9 16.4 316.2 42.2 42.1 42.0 213.8 0.00046 
75 14.7 14.8 218.6 33.8 33.6 33.7 215.0 0.00000 
76 14.6 14.6 218.4 34.2 34.0 34.0 215.8 0.00000 
77 13.1 13.5 209.8 34.8 34.7 34.7 213.9 0.00000 
78 13.0 13.1 209.8 34.9 34.7 34.7 215.0 0.00000 
79 12.9 12.9 209.6 34.9 34.6 34.5 215.2 0.00000 
80 12.7 12.4 208.8 35.2 34.9 34.9 215.1 0.00000 
81 12.2 12.2 209.0 35.2 34.9 34.9 215.4 0.00000 
82 12.0 12.2 209.0 35.3 35.0 35.0 216.1 0.00000 
83 12.0 12.0 209.2 35.1 34.8 34.8 215.9 0.00000 
84 12.1 12.0 209.4 35.3 34.9 34.8 216.3 0.00000 
85 12.6 12.7 208.6 35.5 35.3 35.3 214.4 0.00000 
86 11.9 12.0 208.7 35.6 35.5 35.4 214.8 0.00000 
87 14.9 14.7 264.7 33.9 33.9 33.8 215.0 0.00000 
88 14.5 14.0 264.4 34.2 34.1 34.0 214.9 0.00000 
89 14.2 13.8 264.4 34.2 34.1 34.0 218.2 0.00000 -
Table G-30 System 3 - aIr propertIes 
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1.0. Mr Peri Teri Pero TerOel TerOeR TerOMl TerOMR TerOrl TerOrR 
# (g/s) (kPa) (C) (kPa) (C) (C) (C) (C) (C) (C) 
58 69.7 4679 11.7 4644 11.4 11.5 11.8 11.9 11.3 11.7 
59 65.8 4712 12.1 4676 11.6 12.5 12.1 11.6 11.5 12.0 
60 69.5 4789 12.7 4763 12.4 12.5 12.8 12.3 12.3 12.8 
61 73.5 4806 12.9 4789 12.5 12.8 13.0 12.5 12.5 13.0 
62 71.6 4736 12.3 4715 11.9 12.5 12.4 12.7 11.9 12.4 
63 71.8 4746 12.4 4726 12.0 12.5 12.5 12.1 11.9 12.5 
64 72.9 4751 12.4 4725 12.0 12.2 12.5 12.0 12.0 12.5 
65 69.2 4682 11.8 4656 11.4 11.7 11.9 11.5 11.4 11.9 
66 68.0 4652 11.5 4623 11.1 12.3 11.7 11.9 11.1 11.7 
67 72.8 4607 11.1 4569 10.6 10.9 11.2 10.6 10.5 11.2 
68 70.8 4586 10.9 4548 10.4 11.0 11.1 11.1 10.4 11.0 
69 74.2 4667 11.6 4627 11.2 11.4 11.7 11.2 11.1 11.7 
70 76.1 4583 10.9 4549 10.4 10.7 11.0 10.5 10.4 10.9 
71 74.0 4807 12.9 4784 12.5 12.8 13.0 12.6 12.5 13.0 
72 68.5 4694 11.9 4661 11.5 11.9 12.0 11.7 11.4 12.0 
73 78.0 4691 11.9 4637 11.2 11.5 11.9 11.3 11.2 11.8 
74 75.0 4861 13.4 4837 12.9 13.3 13.5 13.0 12.9 13.5 
75 54.6 4746 12.0 4721 12.1 11.8 12.1 11.9 12.1 12.1 . 
76 53.1 4729 11.9 4704 11.9 11.9 12.0 11.8 11.9 12.0 
77 63.6 4560 10.5 4525 10.4 10.2 10.5 10.2 10.3 10.5 
78 60.0 4506 10.0 4475 9.9 9.8 10.0 9.7 9.9 10.0 
79 58.5 4483 9.9 4452 9.7 9.6 9.9 9.5 9.7 9.8 
80 62.5 4428 9.1 4396 9.2 9.6 9.2 8.9 9.2 9.2 
81 62.6 4417 9.0 4384 9.0 8.7 9.0 8.8 9.0 9.0 
82 64.0 4415 9.0 4377 9.0 8.7 9.0 8.8 9.0 9.0 
83 61.8 4387 8.8 4352 8.8 8.5 8.9 8.6 8.7 8.8 
84 60.9 4380 8.8 4346 8.7 8.5 8.8 8.5 8.7 8.8 
85 69.6 4447 9.5 4411 9.3 9.1 9.4 9.1 9.2 9.4 
86 67.3 4382 8.8 4344 8.7 8.5 8.8 8.4 8.6 8.9 
87 65.6 4715 12.1 4685 11.7 11.8 12.1 11.7 11.6 12.0 
88 62.2 4613 11.2 4585 10.8 11.0 11.3 10.8 11.3 11.2 
89 61.2 4582 10.9 4553 10.5 10.7 11.0 10.5 11.2 10.9 
. Table G-31 System 3 - indoor coil refrigerant properties 
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1.0. Tslri Tslro Prepi Trepi Prepo Peri Teri Pero Tcro Tori 
# (C) (C) (kPa) (C) (kPa) (kPa) (C) (C) (C) (kPa) 
58 11.1 18.1 4546 16.2 8559 8466 68.2 8363 30.9 24.5 
59 11.5 16.5 4590 14.7 8878 8816 67.9 8730 29.9 23.0 
60 12.2 ·20.2 4670 18.4 9536 9460 78.0 9349 37.5 30.4 
61 12.4 24.8 4680 22.7 9035 8921 78.7 8786 37.6 33.8 
62 11.8 24.6 4610 22.4 9130 9030 80.4 8904 37.3 32.8 
63 11.9 24.6 4621 22.4 9153 9053 80.5 8927 37.5 32.8 
64 11.8 21.7 4619 19.5 9493 9396 80.4 9266 38.1 31.8 
65 11.3 23.6 4557 21.6 9833 9756 86.4 9647 37.6 30.7 
66 11.0 23.1 4528 21.1 10241 10178 89.7 10078 37.0 29.3 
67 10.4 20.5 4459 18.5 10241 10157 89.0 10039 37.4 29.0 
68 10.2 22.0 4444 20.2 10507 10439 93.3 10332 37.3 28.9 
69 10.9 19.7 4517 17.6 10642 10557 90.7 10435 39.7 30.5 
70 10.1 22.2 4425 19.9 9952 9836 89.9 9702 37.9 30.6 
71 12.4 23.3 4676 21.0 9262 9153 79.1 9021 37.7 32.6 
72 11.3 21.6 4566 19.7 10956 10901 93.1 10806 36.8 28.0 
73 10.9 15.6 4521 13.5 10466 10367 84.1 10235 37.5 28.1 
74 12.9 23.9 4728 21.6 9285 9171 78.9 9035 37.8 32.9 
75 11.7 19.8 4661 19.2 8157 8133 62.8 8073 30.2 24.8 
76 11.6 20.3 4648 19.7 8525 8515 67.0 8464 29.9 24.3 
77 9.9 14.7 4439 13.7 8358 8294 64.6 8206 30.7 23.6 
78 9.4 18.0 4396 17.0 8520 8476 70.2 8404 30.1 23.3 
79 9.3 18.4 4377 17.2 8934 8904 74.5 8842 29.5 22.7 
80 8.5 19.4 4306 18.4 8339 8272 72.3 8184 30.8 24.9 
81 8.3 17.8 4295 16.9 8504 8441 72.6 8360 30.3 23.5 
82 8.3 14.5 4285 13.5 8811 8749 71.9 8665 30.1 22.1 
83 8.2 16.5 4264 15.5 8960 8912 75.7 8837 29.6 22.0 
84 8.2 17.3 4261 16.3 9158 9117 78.3 9049 29.5 22.1 
85 8.6 16.9 4300 15.4 8212 8104 68.9 7979 32.1 26.4 
86 8.1 17.0 4239 15.5 8387 8295 71.9 8187 31.4 24.8 
87 11.5 19.9 4596 18.1 7969 7888 62.9 7789 31.1 26.4 
88 10.8 20.6 4503 18.9 8210 8150 67.5 8067 30.0 25.0 
89 10.5 20.1 4473 18.4 8507 8458 70.2 8383 29.4 ·23.9 
Table G-32 System 3 - refrigerant properties 
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1.0. Qea Qer Qe8 Qsen Qeavg System Qea to Qeavg Qerto Qeavg Qe8 to Qeavg 
# (kW) (kW) (kW) (kW) (kW) COP (% diff.) (% diff.) (% diff.) 
58 10.77 11.38 10.66 7.89 10.94 4.54 -1.5 4.1 -2.5 
59 10.23 11.13 9.97 7.67 10.44 4.40 -2.0 6.6 -4.5 
60 9.18 10.16 9.07 7.50 9.47 3.34 -3.0 7.3 -4.3 
61 8.67 9.28 8.58 7.22 8.84 3.12 -2.0 5.0 -3.0 
62 9.12 9.59 9.01 7.34 9.24 3.20 -1.3 3.8 -2.5 
63 9.00 9.59 8.93 7.36 9.17 3.16 -1.9 4.6 -2.7 
64 9.23 10.25 8.95 7.37 9.48 3.04 -2.6 8.2 -5.5 
65 9.82 10.22 9.58 7.53 9.87 3.08 -0.6 3.5 -3.0 
66 10.18 10.48 10.00 7.67 10.22 3.05 -0.4 2.6 -2.2 
67 10.44 11.32 10.31 8.01 10.69 2.93 -2.3 5.9 -3.6 
68 10.55 11.12 10.48 8.06 10.72 2.88 -1.6 3.8 -2.2 
69 9.94 11.25 9.81 7.87 10.33 2.69 -3.8 8.9 -5.1 
70 10.59 11.35 10.42 7.94 10.79 2.87 -1.8 5.2 -3.4 
71 9.33 10.00 9.20 7.78 9.51 3.24 -1.9 5.1 -3.3 
72 10.56 10.98 10.50 8.31 10.68 2.98 -1.1 2.8 -1.7 
73 10.48 12.37 10.38 8.46 11.08 2.94 -5.4 11.7 -6.3 
74 9.51 10.00 9.45 8.27 9.65 3.33 -1.5 3.6 -2.1 
75 8.40 8.74 8.63 8.64 8.59 5.26 -2.2 1.7 0.5 
76 8.46 8.67 8.78 8.78 8.64 4.98 -2.0 0.4 1.6 
77 9.47 10.61 9.84 9.84 9.97 4.66 -5.1 6.4 -1.3 
78 9.56 10.12 9.97 9.98 9.88 4.52 -3.3 2.4 0.9 
79 9.65 10.06 10.02 10.03 9.91 4.26 -2.6 1.5 1.1 
80 9.84 10.19 10.27 10.28 10.10 4.35 -2.6 0.9 1.7 
81 10.03 10.53 10.39 10.40 10.32 4.30 -2.8 2.1 0.7 
82 10.12 11.12 10.42 10.42 10.55 4.13 -4.1 5.4 -1.3 
83 10.22 10.80 10.56 10.57 10.53 4.07 -2.9 2.6 0.3 
84 10.17 10.65 10.55 10.56 10.46 3.95 -2.7 1.8 0.9 
85 9.88 10.90 10.12 10.12 10.30 4.09 -4.1 5.8 -1.7 
86 10.26 11.04 10.48 10.48 10.59 4.08 -3.1 4.2 -1.1 
87 9.35 10.05 9.84 9.84 9.75 5.11 -4.0 3.1 0.9 
88 9.72 10.03 10.18 10.18 9.98 4.94 -2.6 0.5 2.0 
89 9.88 10.18 10.37 10.37 10.14 4.75 -2.6 0.4 2.2 
Table G-33 System 3 - evaporator capacity comparison 
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G.3.4 System 4 
1.0. Data File Point Teai Tdp AF~ndoor Rhe Tcai AFRoutcloor Camp 
# (C) (C) (m3/s) (%) (C) (m3/s) RPM 
90 990412 35V 1100rpm 8677 38V 26.5 15.7 0.65 51.6 27.6 1.46 967 
91 990412 35V 1100rpm 9219 38V 26.5 15.8 0.65 51.8 27.5 1.47 967 
92 990412 35V 1200rpm 8178 38V 26.5 15.7 0.65 51.7 27.9 1.47 1055 
93 990412 . 35V 1200rpm 8415 38V 26.5 15.8 0.65 52.1 27.9 1.47 1055 
94 990412 35V 1200rpm 8546 38V 26.5 15.8 0.65 51.9 27.4 1.47 1055 
95 990412 35V 1200rpm 8746 38V 26.5 15.7 0.65 51.7 27.5 1.47 1055 
96 990411 3DV 1100rpm 7815 3DV 26.5 11.5 0.64 39.0 27.2 1.47 967 
97 990411 3DV 1100rpm 8030 3DV 26.5 10.9 0.64 37.6 27.3 1.47 967 
98 990411 3DV 1100rpm 8261 3DV 26.5 10.8 0.64 37.4 27.5 1.47 967 
99 990412 3DV 1100rpm 8350 3DV 26.6 8.9 0.64 32.9 28.0 1.47 967 
100 990411 3DV 1200rpm 7815 3DV 26.6 11.5 0.64 38.9 27.6 1.48 1055 
101 990411 3DV 1200rpm 7951 3DV 26.6 11.0 0.64 37.7 27.7 1.48 1055 
102 990411 3DV 1200rpm 8245 3DV 26.6 10.2 0.64 35.9 27.7 1.48 1055 
103 990411 3DV 1200rpm 8676 3DV 26.5 10.2 0.64 35.8 27.8 1.48 1055 
104 990411 3DV 1200rpm 9049 3DV 26.5 10.0 0.64 35.6 27.7 1.48 1055 
105 990411 3DV 1200rpm 9557 3DV 26.4 9.8 0.64 35.3 27.7 1.48 1055 
106 990412 55 1400rpm 9140 58 26.5 15.8 0.58 51.8 34.8 1.45 1231 
107 990412 55 1400rpm 9276 58 26.5 15.8 0.58 51.9 34.9 1.45 1231 
108 990412 55 1400rpm 9535 58 26.5 15.7 0.57 51.7 34.9 1.46 1231 
109 990412 55 1400rpm 9810 58 26.5 15.7 0.58 51.7 34.9 1.49 1231 
110 990412 55 1400rpm 10105 58 26.5 15.7 0.57 51.7 35.0 1.46 1231 
111 990412 55 1400rpm 10384 58 26.4 15.7 0.57 51.6 35.2 1.46 1231 
112 990409 55V 1200rpm 9935 58V 26.4 15.6 0.64 51.5 34.6 1.47 1055 
113 990409 55V 1300rpm 9638 58V 27.0 15.7 0.64 50.2 35.0 1.47 1143 
114 990409 55V 1300rpm 9679 58V 26.9 15.7 0.64 50.5 35.4 1.47 1143 
115 990409 55V 1300rpm 9916 5SV 27.0 16.0 0.64 51.2 35.3 1.46 1143 
116 990409 55V 1400rpm 9287 58V 26.6 15.7 0.64 51.0 35.0 1.46 1231 
117 990409 55V 1400rpm 9550 5SV 26.5 15.5 0.64 50.9 35.2 1.46 1231 
118 990409 55V 1400rpm 9993 58V 26.4 15.3 0.64 50.3 34.8 1.47 1231 
119 990409 55V 1400rpm 9995 58V 26.4 15.2 0.64 50.1 34.8 1.47 1231 
120 990412 55P 1300rDm 9213 58P 26.5 15.8 0.73 51.8 34.9 1.46 1143 
121 990412 55P 1300rpm 9409 58P 26.5 15.8 0.73 51.8 34.9 1.46 1143 
122 990412 55P 1300rpm 9680 58P 26.5 15.8 0.73 51.8 35.0 'f.46 1143 
Table 0-34 System 4 - general test parameters 
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1.0. Ten 1 Ten2 Open Tcn1 Tcn2 Tcn3 OPcn OG 
# (C) (C) (Pa) (C) (C) (C) (Pa) (kg/s) 
90 16.4 15.4 272.1 35.1 34.9 34.9 220.9 0.00075 
91 16.3 15.7 272.1 35.3 35.0 34.9 221.6 0.00055 
92 16.1 15.5 271.6 35.7 35.6 35.4 221.2 0.00090 
93 15.9 15.4 272.2 35.8 35.7 35.6 220.8 0.00097 
94 15.9 15.3 271.9 35.5 35.3 35.2 221.5 0.00101 
95 16.0 15.3 272.0 35.7 35.5 35.4 221.5 0.00099 
96 15.0 14.1 265.6 34.0 33.9 33.8 222.1 0.00000 
97 14.4 13.7 265.3 34.2 34.2 34.0 222.8 0.00000 
98 14.3 13.6 265.2 34.6 34.5 34.3 222.8 0.00000 
99 14.6 14.0 267.9 35.3 35.1 35.1 220.3 0.00000 
100 14.5 14.0 265.2 34.5 34.5 34.4 225.2 0.00000 
101 14.1 13.5 264.9 34.9 34.8 34.7 225.1 0.00000 
102 14.1 13.1 264.5 35.2 35.1 35.0 225.2 0.00000 
103 13.5 12.9 264.4 35.4 35.3 35.2 225.6 0.00000 
104 13.5 12.7 264.1 35.5 35.3 35.1 225.4 0.00001 
105 13.7 12.7 264.3 35.5 35.3 35.1 225.2 0.00000 
106 15.4 15.0 215.9 42.8 42.6 42.5 212.4 0.00090 
107 15.7 14.8 215.5 43.0 42.9 42.7 212.3 0.00094 
108 15.2 14.6 215.6 43.3 43.1 43.0 213.4 0.00104 
109 15.4 14.5 215.8 43.6 43.3 43.1 221.2 0.00104 
110 15.3 14.4 215.5 43.8 43.5 43.4 213.8 0.00104 
111 15.4 14.3 215.2 44.0 43.6 43.5 213.3 0.00095 
112 16.5 15.6 265.8 42.3 42.1 41.9 216.4 0.00071 
113 16.4 15.7 264.6 43.0 42.8 42.6 216.0 0.00075 
114 16.2 15.6 264.4 43.3 43.2 42.9 215.7 0.00070 
115 16.7 15.9 264.5 43.5 43.3 43.1 214.8 0.00081 
116 16.5 15.6 263.2 43.3 43.1 42.9 214.3 0.00072 
117 16.1 15.3 263.9 43.7 43.5 43.3 214.0 0.00073 
118 15.9 14.9 264.7 43.6 43.4 43.2 215.5 0.00089 
119 15.9 14.9 264.1 43.7 43.4 43.3 215.5 0.00097 
120 16.6 16.4 344.3 42.6 42.5 42.3 213.0 0.00049 
121 16.8 16.2 344.6 42.9 42.7 42.6 213.4 0.00057 -
122 17.1 16.2 344.8 43.2 42.9 42.8 212.8 0.00065 
. Table 0-35 System 4 - air properties 
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1.0. Mr Peri Teri Pero Teroel TeroeR TeroMl TeroMR Teran. TerOrR 
# (9/8) (kPa) (C) (kPa) (C) (C) (C) (C) (C) 
90 62.2 4732 12.3 4705 13.5 14.7 13.6 15.5 11.9 12.5 
91 61.2 4720 12.2 4692 13.5 15.0 13.4 15.7 11.8 12.5 
92 67.3 4731 12.2 4702 11.9 14.0 12.3 14.5 11.8 12.2 
93 67.0 4714 12.1 4683 11.7 13.7 12.1 14.3 11.6 12.1 
94 66.7 4693 11.9 4661 11.5 13.6 11.9 14.4 11.4 11.9 
95 65.8 4674 11.8 4643 12.6 14.4 12.3 15.3 11.3 11.8 
96 60.2 4623 11.3 4594 14.3 13.6 13.8 13.2 13.7 11.6 
97 59.5 4579 10.9 4549 12.9 12.6 12.3 11.7 12.0 10.9 
98 59.0 4566 10.8 4535 12.9 12.6 11.8 11.3 11.5 10.7 
99 59.6 4604 10.9 4575 12.4 12.1 11.9 11.8 10.8 10.8 
100 65.2 4628 11.3 4598 10.9 12.1 11.3 10.9 10.9 11.3 
101 63.6 4559 10.7 4527 10.9 11.5 10.7 10.2 10.4 10.7 
102 61.6 4474 10.0 4441 13.8 13.0 11.6 10.2 11.5 9.9 
103 61.0 4458 9.8 4424 10.5 9.9 10.7 9.4 10.7 9.7 
104 60.1 4438 9.7 4405 11.0 10.3 11.6 9.7 11.4 9.6 
105 58.6 4411 9.4 4379 12.9 11.5 13.3 11.5 12.8 10.4 
106 72.1 4716 12.1 4689 11.7 12.9 12.1 11.6 11.6 12.1 
107 70.3 4666 11.7 4641 13.4 14.7 11.7 13.7 11.2 11.8 
108 70.2 4651 11.5 4622 11.1 13.0 11.5 11.1 11.0 11.5 
109 68.7 4612 11.2 4584 12.5 14.1 11.2 13.1 10.7 11.2 
110 68.2 4604 11.1 4574 12.0 13.7 11.1 12.6 10.6 11.1 
111 67.2 4583 10.9 4554 12.9 14.2 11.0 13.5 10.4 11.0 
112 62.5 4740 12.3 4716 14.1 15.6 12.5 14.9 11.9 12.8 
113 67.6 4746 12.4 4720 13.4 15.2 12.5 14.8 11.8 12.6 
114 67.8 4759 12.5 4733 12.8 14.8 12.6 14.3 11.9 12.6 
115 67.4 4753 12.4 4727 13.5 15.3 12.6 15.3 12.0 12.6 
116 71.8 4708 12.1 4682 13.6 14.9 12.1 14.1 11.7 12.1 
117 70.5 4668 11.7 4640 11.9 14.3 11.8 14.3 11.3 11.8 
118 68.5 4609 11.2 4581 12.8 14.8 12.6 15.3 12.1 13.1 
119 68.5 4609 11.2 4581 12.6 14.5 11.8 15.1 12.1 13.0 
120 72.0 4898 13.6 4868 13.2 13.4 13.6 13.1 13.1 13.6 
121 70.6 4861 13.3 4832 13.0 14.6 13.3 12.9 12.8 - 13.3 
122 69.1 4821 13.0 4793 14.9 16.1 13.1 15.3 12.5 13.0 
Table G-36 System 4 - indoor coil refrigerant properties 
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1.0. Tslri Tslro Prepi Trepi Prepo Trepo Peri Teri Pero Tero Tori 
# (C) (C) (kPa) (C) (kPa) (C) (kPa) (C) (C) (C) (kPa) 
90 13.6 25.8 4662 24.2 8677 79.5 8706 75.4 8635 29.8 22.6 
91 13.6 25.2 4650 23.6 9219 84.1 9252 79.7 9185 29.4 21.9 
92 12.7 27.8 4654 25.9 8178 77.7 8192 73.9 8101 31.5 24.6 
93 12.3 26.7 4635 24.8 8415 79.2 8433 75.3 8348 30.9 23.3 
94 12.3 25.7 4613 23.9 8546 79.8 8567 75.9 8484 30.1 22.3 
95 12.8 25.7 4595 23.9 8746 82.2 8771 78.1 8693 29.9 22.4 
96 13.1 28.1 4553 26.4 7815 75.2 7833 71.2 7757 30.8 25.2 
97 11.8 26.7 4508 25.0 8030 76.8 8058 72.6 7986 30.1 23.1 
98 11.6 26.1 4495 24.5 8261 78.9 8296 74.6 8228 29.9 22.4 
99 11.1 26.0 4535 25.1 8350 79.7 8381 75.3 8315 30.5 22.6 
100 11.2 28.8 4550 26.9 7815 76.6 7822 72.6 7727 31.7 26.2 
101 10.7 28.0 4480 26.1 7951 78.5 7965 74.4 7878 31.4 24.6 
102 11.1 26.8 4396 25.0 8245 82.1 8271 77.6 8196 30.5 23.0 
103 10.4 25.7 4379 23.9 8676 85.4 8708 80.7 8638 30.0 21.5 
104 10.7 25.4 4361 23.6 9049 88.9 9084 83.9 9020 29.7 21.2 
105 11.9 25.4 4336 23.7 9557 94.3 9597 88.8 9542 29.4 21.4 
106 11.9 33.1 4632 30.9 9140 95.3 9136 90.8 9022 37.8 29.2 
107 12.5 33.7 4586 31.6 9276 98.3 9273 93.5 9169 37.7 30.0 
108 11.4 32.1 4568 30.0 9535 99.3 9546 94.5 9445 37.5 27.3 
109 11.6 32.2 4531 30.1 9810 102.7 9829 97.6 9735 37.3 27.4 
110 11.1 31.6 4522 29.6 10105 104.8 10127 99.5 10037 37.2 26.4 
111 11.9 31.7 4502 29.7 10384 107.9 10409 102.4 10325 37.2 26.6 
112 13.6 31.6 4673 29.9 9935 98.3 9962 93.3 9880 36.5 27.0 
113 13.2 32.6 4670 30.5 9638 97.4 9654 92.7 9557 37.3 28.3 
114 12.8 32.8 4683 30.8 9679 97.7 9695 93.0 9596 37.7 28.5 
115 13.4 32.4 4676 30.6 9916 99.7 9935 94.9 9841 37.5 28.0 
116 12.5 33.5 4621 31.5 9287 96.6 9282 92.1 9160 38.0 30.5 
117 12.2 33.0 4582 31.1 9550 99.5 9558 94.7 9445 38.1 29.3 
118 13.1 32.3 4525 30.3 9993 103.9 10014 98.7 9917 37.2 27.8 
119 13.0 32.3 4524 30.3 9995 104.0 10016 98.8 9917 37.3 27.9 
120 13.5 32.1 4817 30.1 9213 90.7 9214 86.6 9104 37.7 28.2 
121 13.2 32.2 4781 30.2 9409 93.4 9420 89.1 9318 -37.6 28.0 
122 13.4 32.3 4743 30.4 9680 96.8 9695 92.3 9602 37.4 28.1 
Table G-37 System 4 - refrigerant properties 
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1.0. Qea Qer QeB Qsen Qeavg System Qea to Qeavg Qerto Qeavg QeB to Qeavg 
# (kW) (kW) (kW) (kW) (kW) COP (% diff.) (% diff.) (% diff.) 
90 10.16 10.71 10.36 8.41 10.41 4.66 -2.4 2.9 -0.5 
91 9.56 10.77 9.85 8.43 10.06 4.04 -5.0 7.1 -2.1 
92 10.58 10.86 10.78 8.46 10.74 4.90 -1.5 1.1 0.4 
93 10.88 11.18 11.12 8.59 11.06 4.81 -1.6 1.1 0.5 
94 11.01 11.37 11.26 8.65 11.21 4.75 -1.8 1.4 0.4 
95 10.95 11.37 11.24 8.65 11.19 4.56 -2.1 1.6 0.5 
96 9.32 9.86 9.97 9.96 9.71 5.21 -4.1 1.5 2.6 
97 9.67 10.14 10.30 10.29 10.04 5.11 -3.6 1.0 2.6 
98 9.73 10.24 10.34 10.34 10.10 4.89 -3.7 1.4 2.3 
99 9.54 10.21 10.43 10.43 10.06 4.87 -5.1 1.5 3.7 
100 9.59 10.06 10.12 10.12 9.92 4.86 -3.4 1.4 2.0 
101 9.89 10.33 10.44 10.44 10.22 4.81 -3.2 1.1 2.1 
102 10.08 10.71 10.80 10.79 10.53 4.65 -4.3 1.7 2.6 
103 10.35 10.79 11.00 10.99 10.71 4.38 -3.4 0.7 2.7 
104 10.38 10.83 11.03 11.00 10.75 4.14 -3.4 0.8 2.6 
105 10.22 10.82 11.03 11.02 10.69 3.86 -4.4 1.2 3.2 
106 10.12 10.76 10.10 7.77 10.33 3.30 -2.0 4.2 -2.2 
107 10.17 10.50 10.26 7.81 10.31 3.26 -1.4 1.8 -0.5 
108 10.64 11.10 10.65 7.95 10.80 3.27 -1.5 2.8 -1.4 
109 10.66 11.04 10.72 8.01 10.81 3.16 -1.4 2.2 -0.8 
110 10.70 11.21 10.77 8.07 10.89 3.06 -1.8 2.9 -1.1 
111 10.44 11.14 10.57 8.10 10.72 2.90 -2.6 4.0 -1.4 
112 9.78 10.12 9.97 8.12 9.96 3.37 -1.8 1.7 0.1 
113 10.33 10.55 10.40 8.46 10.43 3.39 -0.9 1.2 -0.3 
114 10.18 10.50 10.24 8.43 10.31 3.32 -1.2 1.9 -0.6 
115 10.29 10.64 10.51 8.41 10.48 3.29 -1.8 1.5 0.3 
116 9.98 10.57 10.16 8.29 10.24 3.22 -2.5 3.3 -0.7 
117 10.15 10.72 10.26 8.36 10.38 3.12 -2.2 3.3 -1.1 
118 10.72 11.16 10.91 8.59 10.93 3.12 -1.9 2.1 -0.2 
119 10.91 11.10 11.14 8.62 11.05 3.19 -1.3 0.5 0.8 
120 10.01 10.91 10.16 8.89 10.36 3.60 -3.4 5.3 -1.9 
121 10.18 10.85 10.43 8.95 10.49 3.57 -2.9 3.5 -0.5 
122 10.27 10.83 10.63 8.94 10.58 3.48 -2.9 2.4 0.5 
Table 0-38 System 4 - evaporator capacity comparison 
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Appendix H Residential Ale Data Reduction Program 
This appendix describes the methods of analysis and data reduction that have been used in 
the residential testing facility. As the system runs, the data acquisition records the important 
system parameters at a rate of once every six seconds. This data is automatically written to a 
Microsoft Excel datasheet. Once in the Excel datasheet, each ten-minute data set is averaged and 
then automatically passed as the inputs to an EES program, which calculates the system and 
cycle properties. A description of some of these calculations follow, as well as a sample EES 
code for both R410A and R744 systems. 
H.t Air Flow Rates 
In order to measure the airflow rates through both the indoor and outdoor duct systems, 
each duct system contains a set of nozzles through which the air flows. By measuring the 
pressure drop across the set of nozzles and using equations H.l and H.2, a value for the mass 
flow rate of air can be determined. The equations and constants for the calculation of airflow 
rate through nozzles come from ANSIIASHRAE Standard 40-1986. 
Where, 
Qm 
C 
A 
Pv 
v'n 
Vn 
air flow rate (m3/s) 
nozzle discharge coefficient (based upon Reynolds number) (0.98) 
nozzle throat area (m2) 
pressure drop across the nozzle (pa} 
. specific ' volume of air at-nozzle(m !kg) 
specific volume of air at standard atmospheric pressure (m3!kg) 
humidity ratio of air at nozzle (kg water!kg dry air) 
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(H.l) 
(H.2) 
H.2 Air-Side Energy Balance 
The air side energy balance is used to calculate the coil capacities based upon the change in 
air properties as it passes over the coil. 
(H.3) 
Where, 
Qa air side capacity (kW) 
~e mass flow rate of dry air through evaporator (kg/s) 
~j mass flow rate of dry air through nozzle j (kg/s) 
hi enthalpy of air entering evaporator (kJ/kg) 
hoj enthalpy of air entering nozzle j (kJ/kg) 
mw mass flow rate of water leaving chamber (kg/s) 
hw enthalpy of water leaving chamber (kJ/kg) 
H.3 Refrigerant-Side Energy Balance 
The refrigerant side energy balance calculates the coil capacities based upon the change in 
refrigerant properties as it passes through the coil. Equation HA is used for this balance. 
(HA) 
Where, 
Qr Refrigerant side capacity (k W) 
mr refrigerant mass flow rate (kg/s) 
hro enthalpy of refrigerant exiting chamber (kJ/kg) 
hri enthalpy of refrigerant entering chamber (kJ/kg) 
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Refrigerant thennodynamic properties for R41 OA are calculated using the internal function calls 
from the program EES. The thennodynamic properties for R744 are calculated by making calls 
to the external program Refprop. (NIST, 1998) 
H.4 Environmental Chamber Energy Balance 
The chamber balances calculate the coil capacities by measuring the energy that passes 
through the chamber walls. This energy can be in the fonn of electricity, refrigerant or glycol 
flow in tubes, entering and exiting water, and conduction through the chamber walls. During 
steady state operation, the energy that enters each chamber must be equal to the energy that 
leaves each chamber. 
(H.5) 
(H.6) 
Where, 
Qc environmental chamber capacity (kW) 
WeI electrical power into chamber (kW) 
me mass flow rate of water condensate out of chamber (kg/s) 
hs enthalpy of entering steam (kJ/kg) 
hw enthalpy of exiting water condensate (kJ/kg) 
Qcond heat conduction from environment into chamber (kW) 
mg mass flow rate of glycol into chamber (kg/s) 
hgi enthalpy of glycol entering chamber (kJ/kg) 
hgo enthalpy of glycol exiting chamber (kJ/kg) 
kf heat transfer coefficient of chamber floor (W/m2-K) 
kc heat transfer coefficient of chamber ceiling (W 1m2 -K) 
kw heat transfer coefficient of chamber walls (W 1m2 -K) 
Af interior surface area of chamber floor (m2) 
Ac interior surface area of chamber floor (m2) 
Aw interior surface area of chamber floor (m2) 
Tif average chamber interior floor temperature cae) 
T of average chamber exterior floor temperature cae) 
Tic average chamber interior ceiling temperature cae) 
T oc average chamber exterior ceiling temperature (Oe) 
110 
Tiw average chamber interior wall temperature eC) 
Tow average chamber exterior wall temperature eC) 
H.5 Compressor and Cycle Calculations for the R4I0A System 
The average capacities for the R41 OA system were calculated by averaging the value of the 
three independent methods. 
Where, 
Wisen 
17camp =w-
m 
if single phase evaporator exit 
if two phase evaporator exit 
Wisen minimum theoretical power req'd by compressor 
mr mass flow rate of refrigerant (kg/s) 
hcomp,o enthalpy of refrigerant exiting compressor (kJ/kg) 
hcomp,i enthalpy of refrigerant entering compressor (kJ/kg) 
llcomp isentropic compressor efficiency 
Wm electrical power used by compressor motor (kW) 
COP coefficient of performance for system 
Qavg average system capacity (kW) 
Qa air-side capacity (kW) 
Qr refrigerant-side capacity (kW) 
Qb environmental chamber capacity (kW) 
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(H.7) 
(H.8) 
(H.9) 
(H. 10) 
(H. 11) 
H.6 Compressor and Cycle Calculations for the R744 System 
W. = mr . (hcomp,o - hcomp,i) 
ISO 
rliso 
P 
1]iso = 0.7972 - 0.03343 comp,o 
Pcomp,i 
COP=~ 
Where, 
Wiso 
Wiso req'd compressor power (kW) 
mr mass flow rate of refrigerant (kg/s) 
hcomp,o enthalpy of refrigerant exiting compressor (kJ/kg) 
hcomp,i enthalpy of refrigerant entering compressor (kJ/kg) 
lliso isentropic compressor efficiency calculated from mobile laboratory results 
P comp,o pressure of refrigerant exiting compressor (kJ/kg) 
P comp,i pressure of refrigerant entering compressor (kJ/kg) 
COP coefficient of performance 
Qb environmental chamber capacity (kW) 
H.7 Sample EES Code for R410A Analysis 
(H. 12) 
(H. 13) 
(H. 14) 
{******This program is used to calculate the system properties for the R410A split system that was tested as the 
baseline system 
in the residential R744 test facility. ********} 
{Procedure to modify method of averaging system capacity depending on evaporator outlet state} 
procedure Qaverage(DT,Qa, Qr,Qb: Qaver) 
IF (DT< 1.5) THEN 
{ Two phase evaporator exit } 
Qaver=(Qa+Qb )/2 
ELSE 
{ Single phase evaporator exit} 
Qaver=(Qa+Qr+Qb )/3 
ENDIF 
end 
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{The following variable assignments are the program inputs. There are usually automatically entered from the 
Excel spreadsheet that is used in the data logging process. } 
Rhev=2337.21 0475 
Teai=26.800781 06 
Tcai=35.08707788 
Wc12=5017.074223 
W c8=2326.590273 
We12=3132.607285 
We8=5311.544878 
Wmot=2842.461331 
Mg=811.1700219 
Teao=14.85068088 
Tcao=43.44792239 
Tero=13.41774372 
Tori=37.77369655 
Tcri=75.49071 009 
Tcro=37.96760124 
Trcpi=12.27085381 
Mr=63.32130749 
Pero=1098.624092 
Pcro=2716.223938 
Pcri=2847.932588 
Prcpi=1 020.784886 
Peri=1106.19779 
Tcgi=12.20597735 
Tcgo=19.55255265 
Ten1=14.5149246 
Ten2=13.87619292 
Dpen=206.0572227 
Tcn1 =43.09974779 
Tcn2=43.06415973 
Tcn3=43.34524451 
DPcn=207. 7452699 
Teif=26.87659912 
Teof=18.0779954 
Teic=26.57236982 
Teoc=28.41748558 
Teiw=26.73645752 
Teow=26.46588903 
Tcif=34.82904088 
Tcof=24.56861867 
Tcic=35.28328982 
Tcoc=26.01463965 
Tciw=34.47453142 
Tcow=25.2534923 
G=3850.865957 
count=10455.58292 
Tw=20.46866354 
Ts=99.07205832 
A$='R121897p5s1 wh' 
{hand entered parameters below} 
RHc=O.4 {assumed constant outdoor chamber humidity} 
Pa=98.82 {assumed constant ambient pressure} 
Pstand=101.325 {standard atmospheric pressure} 
T_dp=15.7 {Indoor dewpoint temperature} 
{All Watt in W } 
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Wm=Wmot-Wf 
Wf=207 
Wg=1207.462 
{Electrical motor power} 
{Electrical fan power} 
Xoil=O.O { Oil Concentration } 
DG=0.659 
Time=900 
{ DG in Kilogram, ifDG is in LB, then multiplyed by 0.45359 } 
{ Time is in second } 
Cpgl=3.45 
Cpg2=O.002956 
Wc=Wc12+Wc8 
We=We12+We8 
{Electrical input to outdoor chamber} 
{Electrical input to indoor chamber} 
Pen=Pa-DPenllOOO 
Pcn=Pa-DPcnllOOO 
DPcr=Pcri-Pcro 
DPer=Peri-Pero 
{Pressure at evaporator nozzle} 
{Pressure at condensor nozzle} 
{Refrigerant pressure drop across condenser coil} 
{Refrigerant pressure drop across evaporator coil} 
RHeM=Rhev*.Ol {Convert to Decimal} 
{calculate the RH from Dew point Temp} 
Rhe=RELHUM(AirH20,T=Teai,P=Pa,D=T_dp) {calculation of relative humidity based on dewpoint temp} 
Rhe=RELHUM(AirH20,T=Teai,P=Pa,B=T_wb) {calculation of wet bulb temp. based on relative humidity} 
T_wbF=T_wb*915+32 {Conversion to Farenheit} 
{ ----------- Air flow rate for Evaporator Side } 
{ Nozzle #l---->North } 
qnel =1414*CD* Anel *(DPen*Vndel)**0.5 
qm3sel=qnel/lOOO 
Cd=0.99 
Diael=O.1397 
Anel=3.1416*Diael **2/4 
Vndel =lOl.3*VnellPenl(l +WeN) 
Velel =qm3sel lAne I 
Vnel=VOLUME(Air,T=Tenl,P=Pstand) 
mea 1 =qm3se1 Nnde 1 
{ Nozzle #2 --->South } 
Diae2=0.139573 
qne2=1414*CD* Ane2*(DPen*Vnde2)**0.5 
qm3se2=qne2/1000 
Ane2=3.1416*Diae2**2/4 
Vnde2=1 01.3*Vne2IPenl(1 +WeN) 
Vele2=qm3se21 Ane2 
Vne2=VOLUME(Air,T=Ten2,P=Pstand) 
mea2=qm3se2Nnde2 
{geometrical relationship for nozzle} 
{unit conversion} 
{constant that is a function of Reynolds number} 
{Nozzle diameter = 5.5" } 
{Nozzle throat area} 
{wet air specific heat} 
{ air velocity through nozzle 2} 
{call air specific heat} 
{mass flow rate of air through nozzle I} 
{Nozzle diameter = 5.495"} 
{geometrical relationship for nozzle} 
{unit conversion} 
{Nozzle throat area} 
{wet air specific heat} 
{ air velocity through nozzle 2} 
{call air specific heat} 
{mass flow rate of air through nozzle 2} 
AFR_m3_indoor=(qm3sel+qm3se2)/((Vndel+Vnde2)/2)/l.2 
AFR _ scfin _ indoor=AFR ~m3 _indoor*2118.89 
{air flow rate through evaporator} 
{unit conversion} 
{ calculate the humidity ratio WeN after nozzle } 
WeN=Wein-DGlTime/mde 
Mde=Mdel+Mde2 
Mde I =mea 11(1 +WeN) 
Mde2=mea2/(1 + WeN) 
Wein=O.622*Pveinl(Pa-Pvein) 
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{humidity ratio after nozzle} 
{mass flow rate of dry air through evaporator} 
{mass flow rate of dry air through nozzle 1 } 
{mass flow rtae of dry air through nozzle 2} 
{evap. inlet humidity ratio} 
Pvein=Psein*RHe 
inlet} 
Psein=Pressure(Water,T=Teai,x=O.5) 
{ Calculate the relative humidity at nozzle} 
PvN=WeN*PaI(0.622+WeN) 
RhN=PvN/PsN 
{partial pressure of water vapor at evap. 
{saturation pressure of water at evap. inlet} 
{nozzle inlet air pressure} 
PsN=Pressure(Water, T=(Tenl + Ten2)/2,x=o.5) 
{relative humidity at nozzle inlet] 
{saturation pressure of water at nozzle inlet} 
{ Air Flow rate for Condenser Side } 
{ Nozzle #1 ----> West } 
Diac 1 =0.17783 
qnc1=1414*CD*Ancl *(DPcn*Vndc1)**0.5 
qm3sc 1 =qnc111 000 
Anc1=3.1416*Diacl **2/4 
Vndc1=101.3*Vnc1/Pcn!(1+WcN) 
Velc1=qm3sc1/Anc1 
Vnc1 =VOLUME(Air, T=Tcn1,P=Pstand) 
mca1 =qm3 sci Nndc 1 
{ Nozzle #2 --->Middle} 
Diac2=0.1778 
qnc2=1414*CD*Anc2*(DPcn*Vndc2)**0.5 
qm3sc2=qnc2/1000 
Anc2=3.1416*Diac2**2/4 
Vndc2=101.3*Vnc2/Pcn/(1+WcN) 
Velc2=qm3sc2/Anc2 
Vnc2=VOLUME(Air,T=Tcn2,P=Pstand) 
mca2=qm3sc2Nndc2 
{Nozzle #2 --->East} 
Diac3=0.17788 
qnc3=1414*CD*Anc3*(DPcn*Vndc3)**0.5 
qm3sc3=qnc3/1000 
Anc3=3.1416*Diac3**2/4 
Vndc3= 10 1.3 *Vnc3/Pcn/(1 +WcN) 
Velc3=qm3sc3/ Anc3 
Vnc3=VOLUME(Air,T=Tcn3,P=Pstand) 
mca3=qm3sc3Nndc3 
{Nozzle diameter = 7.001 "} 
{geometrical relationship for nozzle} 
{unit conversion} 
{Nozzle throat area} 
{wet air specific heat} 
{air velocity through nozzle I} 
{call air specific heat} 
{mass flow rate of air through nozzle I} 
{Nozzle diameter =7.00" } 
{geometrical relationship for nozzle} 
{unit conversion} 
{Nozzle throat area} 
{wet air specific heat} 
{air velocity through nozzle 2} 
{call air specific heat} 
{mass flow rate of air through nozzle 2} 
{Nozzle diameter=7. 003" } 
{geometrical relationship for nozzle} 
{unit conversion} 
{Nozzle throat area} 
{wet air specific heat} 
{air velocity through nozzle 3} 
{call air specific heat} 
{mass flow rate of air through nozzle 3} 
AFR_m3_outdoor=(qm3scl+qm3sc2+qm3sc3)/((Vndc1+Vndc2+Vndc3)/3)/1.2 
condensor} 
{ air flow rate through 
AFR scfin outdoor=AFR m3 outdoor*2118.89 
- - - -
{unit conversion} 
{Air Side Humidity Ratio} 
Pscin=pressure(Water,T=Tcai,x=O.5) 
Pvcin=pscin*RHc 
WcN=O.622*Pvcin/(pa-Pvcin) 
{saturation pressure of water at condo inlet} 
{partial pressure of water at condo inlet} 
{humidity ratio at nozzle inlet} 
{------------ Energy Balance Calculations-------------- } 
{ Condenser Air-Side } 
Cpcai=SPECHEAT(Air,T=Tcai) 
Qca_Nozzle=(mcal *(Tcn1-Tcai)+mca2*(Tcn2-Tcai)+mca3*(Tcn3-Tcai»*CPcai {Based on nozzle temperature 
readings} 
Qca_net=Qca_Nozzle-wf/1000-(Wml1000-W _iso) {Across condensor coil only} 
{ Evaporater Air_Side, Dry coil } 
Cpeai=SPECHEAT(Air,T=Teai) 
Qead=(mea1 +mea2)*CPeai*(Teai-Teao) {Based on outlet temperature grid} 
QeadNoz12=mea1 *CPeai*(Teai-Ten1 )+mea2*CPeai*(Teai-Ten2) {Based on nozzle temperatures} 
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{ Condenser Refrigerant Side } 
Hci=ENTHALPY(R410A,T=Tcri,P=Pcri) {condo inlet ref. enthalpy} 
Hco=ENTHALPY(R41OA,T=Tcro,P=Pcro) {condo outlet ref. enthalpy} 
Qcr=(Mr-Mr*Xoil)*(Hci-Hco )/1 OOO+Mr*Xoilll 000*(2.0499*(Tcri-Tcro )+2.261 e-3/2*(TcriA2-TcroA2» {Ref. 
condo capacity} 
Hcrin=Mr*ENTHALPY(R41 OA, T=Trcpi,P=Prcpi)/l 000 {ref. enthalpy entering chamber} 
Hcrout=Mr*ENTHALPY(R41 OA,T=Tcro,P=Pcro)/l 000 {ref. enthalpy exiting chamber} 
Qcr1 =Hcrin+ Wml1 OOO-Hcrout 
Qcr2=Qcr+(Wmll 000-W _iso)+ Wfl1 000 
T _ cond=TEMPERATURE(R41 OA,x=O.OOl,P=Pcro) 
DT _sub=T _cond-Tcro 
{Condensing temperature} 
DT _ subF=DT _ sub *9/5 
{degrees of subcooling at condensor outlet} 
{unit conversion} 
{ Evaporator Air_Side} 
Heai=mde*SPECHEAT(Air,T=Teai)*Teai+Wein*Mde*Hvin 
Heaol=Mde1 *SPECHEAT(Air,T=Ten1)*Ten1+WeN*Mdel *Hvoutl 
Heao2=Mde2*SPECHEAT(Air,T=Ten2)*Ten2+WeN*Mde2*Hvout2 
Psteamin=PRESSURE(Steam,T=Teai,x=0.5) 
Hvin=2501+1.805*Teai 
Hvoutl =2501 + 1.805*Ten1 
Hvout2=2501 + 1.805*Ten2 
Qea=Heai-Heao 1-Heao2-DG/time*ENTHALPY(Water, T=Tw,P=Pa) 
{ Evaporator Refrigerant Side} 
Heo=ENTHALPY(R41 OA,T=Tero,P=Pero) 
Peroc=PRESSURE(R410A,T=Tero,x=0.5) 
{inlet air enthalpy} 
{outlet air enthalpy} 
{outlet air enthalpy} 
{evap. air-side capacity} 
{ref. enthalpy exiting evap.} 
Hei=ENTHALPY(R410A,T=Tori,P=Pcro) {ref. enthalpy entering chamber} 
Qer=(Mr-Mr*Xoil)*(Heo-Hei)11000-Mr*Xoil*(2.0499*(Tori-Tero)+2.261e-3/2*(ToriA2-TeroA2»11000 {Ref. 
evap. capacity} 
T _ evap=TEMPERA TURE(R41 OA,x=0.998,P=Pero) 
DT _ sup=Tero-T _ evap 
exit} 
DT _ supF=DT _ sup*9/5 
TeaiF=Teai*9/5+32 
TcaiF=Tcai*9/5+32 
Pcri Psia=Pcril6.8948 
Prcpi]sia=Prcpil6.8948 
Pero Psia=Pero/6.8948 
{Chamber Energy Balance} 
{ Evaporator Chamber } 
psteam=PRESSURE(Steam,T=Ts,x=0.5) 
Hs=DGITime*ENTHALPY(Steam, T=Ts,P=psteam-1) 
Hw=DGITime*ENTHALPY(Water,T=Tw,P=Pa) 
{Heat loss/gain through chamber walls} 
{Evaporation Temperature} 
{degrees superheat at evaporator 
{unit conversion} 
{unit conversion} 
{unit conversion} 
{unit conversion} 
{unit conversion} 
{unit conversion} 
{sat. steam pressure entering chamber} 
{enthalpy of entering-steam} 
{enthalpy of exiting condensate} 
Qetr=(0.6571 *8.89*(Teif-Teof)+0.2197*8.89*(Teic-Teoc )+0.073 *(10.211 +5.23)*(Teiw-Teow»/l 000 
Q. Evap=We/l OOO+Hs-Hw-Qetr {chamber calorimetry capacity} 
Q. Evap _ Sens=We/l OOO-Qetr {sensible capacity} 
Q.Evapavg=(Q.Evap+Qea)/2 {avg. evaporator capacity} 
Q.Evapavg=mr*(He_out-Hei)11000 {calc. of evaporator ref. outlet 
enthalpy} 
{calculation of evaporator ref. outlet quality} 
X_out=(He_out-ENTHALPY(R410A,x=0,P=Peri»/(ENTHALPY(R410A,x=1,P=Pero)-
ENTHALPY(R41 OA,x=O,P=Perl» 
{Condenser Chamber } 
116 
{CPg=W g/(Tcgo-Tcgi)/Mg} 
Hgi=Mg*(Cpgl *Tcgi+Cpg2*TcgiI\2/2)1l000 
Hgo=Mg*(Cpgl *Tcgo+Cpg2*TcgoI\2/2)1l 000 
{enthalpy of entering glycol} 
{enthalpy of exiting glycol} 
{Heat loss/gain through chamber walls} 
Qctr=(0.6571*13.888*(Tcif-Tcot)+0.2197*13.888*(Tcic-Tcoc)+0.073*(12.426+6.708)*(Tciw-Tcow»/1000 
Q. Cond=W cll 000+ Wfll OOO+(Wmll 000-W _iso )+Hgi-Hgo-Qctr {chamber calorimetry capacity} 
Q.glycool=Hgo-Hgi {glycol capacity} 
{ Compressor Energy Calculation } 
W_iso=mr*(ENTHALPY(R410A,T=Tcri,P=Pcri)-ENTHALPY(R410A,T=Trcpi,P=Prcpi))/1000 
{W _comp=Fc*Vc/9.54881l000 {KW}} 
S_compjn=ENTROPY(R410A,T=Trcpi,P=Prcpi) {compo inlet entropy} 
H_comp_out=ENTHALPY(R410A,T=Tcri,p=Pcri) {act. compo outlet enthalpy} 
H _ compexit=ENTHALPY(R41 OA,S=S _ comp _ in,P=Pcri) {isentropic compressor outlet enthalpy} 
H _ comp _in=ENTHALPY(R41 OA, T=Trcpi,p=Prcpi) {comp. inlet enthalpy} 
eta _ adi=(H _ compexit-H _ comp _in)/(H _ comp _ out-H _ comp _in) {adiabatic compo efficiency} 
W _isentropic=Mi*(H _ comp _ out-ENTHALPY(R41 OA, T=Trcpi,P=Prcpi»/1 000 {isentropic compo power} 
COP=Q.aver/(Wmot-207)*1000 {COP based on avg. evap. capacity} 
eta _iso=mr*(H _ compexit-H _ comp _ in)/Wm {compressor efficiency} 
Ten_aver=(Tenl+Ten2)/2 {avg. evap. nozzle temp.} 
Tcn_aver=(Tcn1+Tcn2+Tcn3)/3 {avg. condo nozzle temp.} 
mea=meal +mea2 {mass flow rate of air through evaporator} 
mca=mcal +mca2+mca3 {mass flow rate of air through condenser} 
DGs=DG/Time*1000 {unit conversion} 
call Qaverage(DT_sup,Qea, Qer,Q.Evap: Q.aver) 
H.8 Sample EES Code for R744 Analysis 
{******This program is used to calculate the system properties for the R744 split system that was tested 
in the residential R744 test facility. ********} 
{The following procedures are property calls made to the external program Refprop for R744. See the information 
sheet on the EES/Refprop interface program for detailed information on this process.} 
procedure TP(TC, P : Vkg,Hkg,Skg) 
end 
R744=35; 
TK=TC+273.15 
CALL REFPROP(1, R744,1, TK, P : TK', P, V, H, S, Q) 
MW=44.01; Vkg=V/MW; Hkg=HIMW; Skg=S/MW 
procedure TQ(TC, Q : P, Vkg, Hkg, Skg) 
R744=35; 
end 
TK=TC+273.15 
CALL REFPROP(1, R744 ,5, TK, Q : TK', P, V, H, S, Q) 
MW=44.01; Vkg=V/MW; Hkg=HIMW; Skg=S/MW 
procedure PQ(P, Q : TC, Vkg, Hkg, Skg) 
R744=35; 
end 
CALL REFPROP(1, R744 ,6, P, Q : TK, P', V, H, S, Q) 
TC=TK-273.15 
MW=44.01; Vkg=V/MW; Hkg=HIMW; Skg=S/MW 
procedure PS(P, Skg: TC, Vkg, Hkg) 
R744=35; MW=44.01 
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{substance code} 
{unit conversion} 
{unit conversion} 
{substance code} 
{unit conversion} 
{unit conversion} 
{substance code} 
{unit conversion} 
{unit conversion} 
{substance code} 
end 
S=Skg*MW 
CALL REFPROP(I ,R744 ,4 , P, S : TK, P, V, H, S, Q) 
TC=TK·273.15 
Vkg=V/MW; Hkg=H/MW 
{The following procedure calculates the mass flow rate of air for each nozzle} 
procedure AirFlowRate(CD,D, T ,Pstand,Pn, Wn,DPn: Vel,ma,qm3s,Vn) 
{unit conversion} 
{unit conversion} 
{unit conversion} 
An=3.1416*D**2/4 {nozzle throat area} 
Vn= 10 1.3 *VOLUME(Air,T=T,P=Pstand)lPnI(l +Wn) {specific volume of air} 
qn=1414*CD*An*(DPn*Vn)**0.5 {geometrical relationship for nozzle} 
qm3s=qnll000 {unit conversion} 
Vel=qm3s/An {air velocity through individual nozzles} 
ma=qm3sNn {mass flow rate through individual nozzles} 
end 
{The following procedure calculates the ref. properties at the inlet to the compressor.} 
procedure CompInlet(DT _ suc,Prcpi, Trcpi: Vrcpi,Hrcpi,Srcpi) 
IF (DT _ suc<=O) THEN 
{ Two phase inlet to compressor } 
call PQ(Prcpi, 1.0: T_suc, Vrcpi, Hrcpi, Srcpi) {property call based on two phase compo inlet} 
ELSE 
CALL TP(Trcpi,Prcpi: Vrcpi,Hrcpi,Srcpi) {property call based on compo inlet w/superheat} 
ENDIF 
END 
{The following variable assignments are the program inputs. There are usually automatically entered from the 
Excel spreadsheet that is used in the data logging process. } 
WeI2=2713.481712 
We8=5324.111472 
DPen=215.8308159 
G=2.196981242 
DPea=54.6261812 
Peri=4612.220212 
Pero=4584.102901 
Tdpe=15.7153576 
mr=68.68859225 
Denr=0.776507355 
Wf=202.4800144 
nul1111 =99999 
Vc=2149.7817 
Wc12=6480.534976 
Wc8=1101.132301 
DPcn=221.2488391 
DPca=24.70992838 
mg=418.782624 
Deng=1.082831724 
Pcri=9828.809648 
Pcro=9735.487786 
Pori=1570.869367 
Paro=1329.176992 
Prcpi=4530.945261 
Prcp0=9809.782328 
Wm=4843.018466 
Dslope=0.002298259 
Teif=26.5029498 
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Teor-=22.132891 
Teic=26.1917779 
Teoc=24.6738773 
Teiw=26,4473437 
Teow=23.2606448 
Teai=26,4456838 
Twbeai=13.138437 
Teao=14.6393362 
Ten1 =15.3563085 
Ten2=14,4548826 
Twe=16.8087109 
Tse=99.0581446 
Teri=10.6678425 
Tero=12.51 00099 
Tcgi=1.70865237 
Tcgo=18,4842582 
T cir-=34.6045505· 
Tcor-=24.1927444 
Tcic=34.9352248 
Tcoc=22.8221 086 
Tciw=35.0497068 
Tcow=21.6758798 
Tcai=34.9058396 
Twbcai=34.6375394 
Tcao=39.3975979 
Tcn1 =43.5571382 
Tcn2=43.3051567 
Tcn3=43.1431254 
Tcri=97.5663382 
Tcro=37.3188768 
Tori=27,4234967 
Ter3=14.1107427 
Ter4=1L1807715 
Trcpi=28,4631252 
Tshri=32.1658984 
Tshro=11.6266206 
Ter1 =11.200352 
Ter2=1L1881449 
Trcpi2=30.1372069 
Trcpo2=1 02.732285 
Tosro 1 =35.3833398 
A$='990412_5S_140Orpm_9810' 
{hand entered parameters below} 
RHc=O,4 {assumed constant outdoor chamber humidity} 
Pa=98.37 {assumed constant ambient pressure} 
Pstand= 101.3 25 {standard atmospheric pressure} 
{All Watt in W} 
Xoil=O.O { Oil Concentration} 
{DG=O,45359*() {if DG is in LB, then multiplyed by 0,45359 } 
Time=(){ second} 
DG -ID's=DGffime* 1 OOO} 
DG-ID'S = Dslope*,45359*1000 
DG _ kps = DG -ID's/1 000 
Cpg1=3,45 
Cpg2=O.002956 
{condensate rate/ unit conversion} 
{unit conversion} 
{glycol specific heat} 
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Wc=WcI2+Wc8 
We=WeI2+We8 
Pen=Pa-DPenll000 
Pcn=Pa-DPcn!1000 
DPcr=Pcri-Pcro 
DPer=Peri-Pero 
DP _suc=Peri-Prcpi 
{Electrical input to outdoor chamber} 
{Electrical input to indoor chamber} 
{Pressure at evaporator nozzle} 
{Pressure at condensor nozzle} 
{Refrigerant pressure drop across condenser coil} 
{Refrigerant pressure drop across evaporator coil} 
{Refrigerant pressure drop from evap. inlet to compo inlet} 
{calculate the RH from Dew point Temp} 
Rhe=RELHUM(AirH20,T=Teai,P=Pa,D=Tdpe) 
Rhe=RELHUM(AirH20,T=Teai,P=Pa,B=T_wb) 
{calculation of relative humidity based on dewpoint temp} 
{calculation of wet bulb temp. based on relative humidity} 
{ ----------- Air flow rate for Evaporator Side } 
{ Nozzle #1---->North } 
qm3sel=1414*CD*Anel *(DPen*Vndel)**0.5/1000 {geometrical relationship for nozzles} 
Cd=0.99 . {constant that is a fimction of Reynolds number} 
Diael =0. 1397 {Nozzle diameter = 5.5" } 
call AirFlowRate(Cd,Diael,Tenl,Pstand,Pen, WeN,DPen: Velel,meal,qm3sel,Vndel) 
{ Nozzle #2 --->South } 
Diae2=O.139573 {Nozzle diameter =5.495"} 
call AirFlowRate(Cd,Diae2,Ten2,Pstand,Pen, WeN,DPen: Vele2,mea2,qm3se2,Vnde2) 
AFR Jegps _indoor=(Meal +Mea2) {air flow rate through evaporator} 
AFR _ m3 _ indoor=( qm3se 1 +qm3se2) {unit conversion} 
AFR_scfm_indoor=AFR_m3_indoor*2118.89/«Vndel +Vnde2)/2)/l.2 {unit conversion} 
{ calculate the humidity ratio WeN after nozzle } 
WeN=Wein-DG_kps/mde 
Mde=Mde1 +Mde2 
Mdel =mea 11(1 +WeN) 
Mde2=mea2/(1 + WeN) 
Wein=0.622*Pveinl(Pa-Pvein) 
Pvein=Psein*RHe 
inlet} 
Psein=Pressure(W ater, T=Teai,x =0.5) 
{ Calculate the relative humidity at nozzle} 
PvN=WeN*PaI(0.622+ WeN) 
RhN=PvNlPsN 
PsN=Pressure(Water,T=(Tenl +Ten2)/2,x=0.5) 
{ Air Flow rate for Condenser Side } 
{ Nozzle #1 ----> West } 
{humidity ratio after nozzle} 
{mass flow rate of dry air through evaporator} 
{mass flow rate of dry air through nozzle 1 } 
{mass flow rtae of dry air through nozzle 2} 
{evap. inlet humidity ratio} 
{partial pressure of water vapor at evap. 
{saturation pressure of water at evap. inlet} 
{nozzle inlet air pressure} 
{relative humidity at nozzle inlet} 
{ saturation pressure of water at nozzle inlet} 
Diacl=O.17783 {Nozzle diameter = 7.001"} 
call AirFlowRate(Cd,Diac1,Tcnl,Pstand,Pcn, WeN,DPcn: Velcl,mcal,qm3scl,Vndcl) 
{ Nozzle #2 --->Middle} 
Diac2=0.1778 {Nozzle diameter =7"} 
call AirFlowRate(Cd,Diac2, Tcn2,Pstand,Pcn, WeN,DPcn: Velc2,mca2,qm3sc2,Vndc2) 
{ Nozzle #3--->East} 
Diac3=0.17788 {Nozzle diameter =7.003"} 
call AirFlowRate(Cd,Diac3,Tcn3,Pstand,Pcn,WeN,DPcn: Velc3,mca3,qm3sc3,Vndc3) 
AFR_kgps_outdoor=(mcal+mca2+mca3) {air flow rate through condensor coil} 
AFR _ m3 _ outdoor=( qm3sc 1 +qm3sc2+qm3sc3) {unit conversion} 
AFR_scfm _ outdoor=AFR_ m3 _outdoor*2118.89/«Vndcl +Vndc2+Vndc3)/3)/l.2 {unit conversion} 
{Air Side Humidity Ratio } 
Pscin=pressure(W ater, T=T cai,x=O.5) {saturation pressure of water at condo inlet} 
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Pvcin=pscin*RHc 
WcN=O.622*Pvcinl(Pa-Pvcin) 
{------------ Energy Balance Calculation } 
{ Condenser Air-Side } 
Cpcai=SPECHEAT(Air,T=Tcai) 
{partial pressure of water at condo inlet} 
{humidity ratio at nozzle inlet} 
Qca_Nozzle=(mcal *(Tcill-Tcai)+mca2*(Tcn2-Tcai)+mca3*(Tcn3-Tcai»*CPcai {Based on nozzle temperature 
readings} 
{ Condenser Refrigerant Side } 
DT _sub=Tcro-Tori 
CALL TP(Tcri,Pcri: Vcri,Hcri,Scri) 
CALL TP(Tcro,Pcro: Vcro,Hcro,Scro) 
CALL TP(T ori,Pcro: V ori,Hori,Sori) 
{degrees of subcooling at condensor outlet } 
{returns ref. props. at condo inlet} 
{returns ref. props. at condo outlet} 
{returns ref. props. at expo valve inlet} 
Qcr_Refprop=(Mr-Mr*Xoil)*(Hcri-Hcro)/l OOO+Mr*Xoilll 000*(2.049 9*(Tcri-Tcro)+2.26le-3/2*(TcriI\2-TcroI\2» 
{Ref. condo capacity} 
Qcr=Mr*(Hori-Hslri)/1000-W _iso 
Hcrin=Mr*HrcpillOOO 
Hcrout=Mr*Hrcpoll 000 
Qcr 1 =Hcrin+ Wmll OOO-Hcrout 
Qcr2=Qcr _ Refprop+(Wmll 000-W _iso)+ Wfll 000 
{ref. enthalpy at compo inlet} 
{ref. enthalpy at compo outlet} 
{Evaporator Air_Side} 
Heai=mde*SPECHEAT(Air,T=Teai)*Teai+Wein*Mde*Hvin 
Heaol=Mdel*SPECHEAT(Air,T=Tenl)*Tenl+WeN*Mdel*Hvoutl 
Hea02=Mde2*SPECHEAT(Air, T=Ten2)*Ten2+ WeN*Mde2*Hvout2 
Psteamin=PRESSURE(Steam,T=Teai,x=O.5) 
{inlet air enthalpy} 
{outlet air enthalpy} 
{ outlet air enthalpy} 
Hvin=250l + 1.805*Teai 
Hvoutl =2501 + 1.805*Tenl 
Hvout2=25 0 1 +1.805*Ten2 
Qea=Heai-Heao 1-Hea02-DG _ kps*ENTHALPY(Water,T=Twe,P=Pa) {evap. air-side capacity} 
{ Evaporator Refrigerant Side} 
DT _ evap _top _south=Ter4-Teri 
DT _ evap _top _ north=Ter4-Ter2 
DT _ evap _middle _ south=Ter4-Terl 
slab} 
DT _ evap _middle _ north=Ter4-Twbeai 
middle slab} 
DT _ evap _bottom _ south=Ter4-Tero 
bottom slab} 
DT _ evap _bottom _ north=Ter4-Ter3 
slab} 
Ten_aver=(Tenl +Ten2)/2 
Tcn_aver=(Tcnl +Tcn2+Tcn3)/3 
{ref. temp change on south side of top slab} 
{ref. temp change on north side of top slab} 
{ref. temp change on south side of middle 
{ref. temp change on north side of 
{ref. temp change on south} side of 
{ref. temp change on north side of bottom 
{avg. evap. nozzle temp.} 
{avg. condo nozzle temp.} 
CALL TP(Tori,Pcro: Veri,Heri,Seri) 
Qer_Refprop=(Mr-Mr*Xoil)*(Hero-Hori)/1000-Mr*Xoil*(2.0499*(Tori-Tero)+2.26 1 e-3/2*(ToriI\2-TeroI\2»11 000 
{Chamber Energy Balance} 
{ Evaporator Chamber} 
psteam=PRESSURE(Steam, T=Tse,x=O.5) 
Hs=DG _ kps*ENTHALPY(Steam, T=Tse,P=psteam-l) 
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{sat. steam pressure entering chamber} 
{enthalpy of entering steam} 
Hw=DG _ kps*ENTHALPY(Water, T=Twe,P=Pa) {enthalpy of exiting condensate} 
{Heat loss/gain through chamber walls} 
Qetr=(0.6571 *8.89*(Teif-Teof)+0.2197*8.89*(Teic-Teoc )+0.073*(10.211 +5.23)*(Teiw-Teow»11 000 
CLEvap=Wel1000+Hs-Hw-Qetr {chamber calorimetry capacity} 
CLEvap_Sens=WeIlOOO-Qetr {sensible capacity} 
CLEvapavg=<LEvap {avg. evaporator capacity} 
CL Evapavg=mr*(Hero-Hori)/1 000 {calc. of evaporator ref. outlet enthalpy} 
{ calculations for suction line heat exchanger} 
CALL TP(Tosro1,Pcro: Vllri,Hllri,S11ri) 
CALL TP(Trepi,Pcro: Vllro,Hllro,Sllro) 
CALL TP(Tshrl,Prepi: Vslro,Hslro,Sslro) 
CLsuc=mr*(Hllri-H1lro) 
CL suc=mr*(Hslro-Hslri) 
Call TQ(Tshro,O.O :Te13, Ve13, He13, Se13) 
Call TQ(Tshro,1.0 :TeI4, Ve14, He14, Se14) 
X_slri=(Hslri-He13)/(He I 4-He I 3) 
X_in=(Hori-Hel 1)/(HeI2-Hel I) 
X_out=(Hero-Hell)/(HeI2-Hell ) 
Call TQ(Ter4,0.0 :Te11, VeIl, Hell, Sell) 
Call TQ(Ter4,1.0: Te12, Ve12, He12, Se12) 
{ Condenser Chamber } 
{CPg=W g/(Tcgo-Tcgi)/Mg} 
Hgi=Mg*(Cpgl *Tcgi+Cpg2*TcgiA2/2)/1 000 
Hgo=Mg*(Cpgl *Tcgo+Cpg2*TcgoA2/2)1l 000 
{Heat loss/gain through chamber walls} 
{ref. prop. call for liquid line ref. inlet} 
{ref. prop. call for liquid line ref. outlet} 
{ref. prop. call for suction line ref. outlet} 
{calculate heat transfer in liquid line} 
{calculate suction line inlet enthalpy from heat transfer} 
{sat. liquid properties of suction line inlet} 
{sat. vapor properties of suction line inlet} 
{quality of suction line inlet} 
{quality at evap. inlet} 
{quality at evap. exit} 
{sat. liquid properties of evap. outlet} 
{sat. vapor properties of evap. outlet} 
{enthalpy of entering glycol} 
{enthalpy of exiting glycol} 
Qctr=(0.657I *13.888*(Tcif-Tcof)+0.2197*13.888*(Tcic-Tcoc)+0.073*(l2.426+6.708)*(Tciw-Tcow»1l000 
CL Cond=W cll OOO+Wfll OOO+(Wmll 000-W _iso )+Hgi-Hgo-Qctr {chamber calorimetry capacity} 
CLglycool=Hgo-Hgi {glycol capacity} 
call PQ(Prepi,1.0: T_sat, V_sat, H_sat, S_sat) 
DT _ suc=Trepi2-T _sat 
{sat. vapor prop. at compo inlet} 
call CompInlet(DT _suc,Prepi, Trepi2: Vrepi,Hrepi,Srepi) 
{ Compressor Energy Calculation } 
call PS(Prepo, Srepi: Trepos, Vrcpos, Hrcpos) 
call TP(Trcpo2,Prcpo: Vrcpo,Hrcpo,Srcpo) 
W _iso=Mr*(Hrepos-Hrcpi)/Eta_iso_MllOOO 
Eta_iso_M=(79.72395-3.34294*P_ratio)/100 
V dot=mr*Vrcpi 
VCC=1800 
eta_v=Vdot/(20.7Ile6*Vccl60)/lOOO 
eta_isen=(Hrepos-Hrepi)/(Hrcpo-Hrcpi)} 
P _ ratio=PcrilPrcpi 
{isentropic compo outlet properties} 
{actual compo outlet properties} 
{comp. isentropic efficiency based upon mobile results} 
{calculated cycle COP} 
{comp. volumetric efficiency} 
{comp. pressure ratio} 
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